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Abstract
The exotic region of the nuclear chart around the doubly-magic 78Ni (Z = 28, N = 50)
nucleus presents an excellent testing ground for our understanding of nuclear structure.
The region around N = 50 plays an important role in the astrophysical rapid neutron-
capture (r) process. The robustness of the N = 50 conventional magic number could affect
current knowledge of nuclear abundances.
Measurements of 2+1 and 4
+
1 states offer one of the first indications of shell structure and
evolution. Measurements of low-lying states in 81,82,83,84Zn were performed. 82,84Zn are the
first two even-even nuclei beyond 78Ni, thus are an important test for the strength of the
doubly-magic 78Ni core. The Zn nuclei were measured in the first and second experimental
campaigns of the SEASTAR (Shell Evolution and Search for Two-plus energies At the
RIBF) project conducted at the RIBF, RIKEN, Japan.
In-flight fragmentation-fission beams were produced using a 238U primary beam of
345 MeV/nucleon. The BigRIPS spectrometer was used to identify and select the sec-
ondary beams impinged onto a liquid hydrogen target. γ rays were detected using DALI2,
an array of 186 NaI detectors surrounding the target. The MINOS system provided ver-
tex reconstruction by tracking the outgoing protons in (p, 2p) proton knockout reactions.
Reaction products were identified using the ZeroDegree spectrometer.
The 2+1 and 4
+
1 states in
82Zn were measured, the 4+1 was observed for the first time
in this work along with two additional states. The 2+1 and 4
+
1 in
84Zn were measured for
the first time, extending the known Zn systematics to N = 54. Two new transitions were
observed and assigned within 81Zn, while two tentative transitions were seen in 83Zn.
Two state-of-the-art shell model calculations were performed: Ni78-II utilised an inert
78Ni core with a large valence space, while the MCSM calculation allowed core-breaking
configurations with a limited neutron valence space. Comparisons of these calculations to
the results and region systematics have revealed that the breaking of the 78Ni core provides
a significant contribution to low-lying states in the direct vicinity of 78Ni. However, the
inclusion of core-breaking configurations also needs to be met with an ample model space
to accommodate near future measurements of nuclei in the region. Interactions need to be
developed to enable such accommodations in current shell-model calculations.
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Introduction
In 1949 Mayer and Jensen [1–3] first proposed the nuclear shell model. Their proposed shell
model successfully reproduced observed magic numbers at Z,N = 2, 8, 20, 28, 50, and 82
within the stable and near-stable isotopes of the nuclear chart. However, the shells tend
to evolve when moving further away from the valley of stability due to the tensor force [4].
Technological advances at radioactive beam facilities have provided the means to access
extremely neutron-rich regions of the nuclear chart, far from stability. Studies performed
in these regions have illuminated interesting phenomena that cannot be described within
the traditional shell model framework.
Weakening of conventional magic numbers and emergence of new magic numbers have
been observed and predicted in hard-to-reach neutron-rich nuclei. Recent examples include:
the disappearance of the N = 20 [5] and N = 28 [6–8] shell-gaps and the appearance of
N = 32 [9, 10] and N = 34 [11] new magic numbers. Current radioactive beam intensities
have facilitated the more recent studies into the N = 50 magic number around 78Ni. The
north-east quadrant with respect to 78Ni is of interest within this work in particular. The
strength of the conventional N = 50 magic number has been the focus of the investigations
in this area of the nuclear chart. The neutron-rich region around N = 50 also plays an
important role in nucleosynthesis. The astrophysical rapid neutron-capture (r) process is
the dominant nucleosynthesis process responsible for the generation of neutron-rich nuclei
heavier than Fe. A calculated r-process path in the region of interest around N = 50 is
shown in Figure 1.1. Along the r-process path there are waiting points, which are locations
where an equilibrium is achieved between neutron capture and photo-disintegration rates.
These waiting points occur at the magic numbers, due to the increased stability provided
by the major shell closure. A more robust magic number will yield a longer waiting point,
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leading to the increased abundances of the nuclei in the vicinity. Therefore, observations
of the robustness of the N = 50 magic number will directly contribute to our knowledge
and understanding of nucleosynthesis.
Figure 1.1: The astrophysical r-process path in the nuclear chart region around the
N = 50 indicated by the thick black lines. Even-even nuclei are shown, with their
experimental half-lives indicated by the colouring. Waiting-points are seen at N = 50
and 82 magic numbers. Image modified from source: [12].
As neutron-rich nuclei become accessible one of the first measurements that can be made
to probe the underlying structure is the spectroscopy of the first excited states. In even-
even nuclei the measurements of 2+1 and 4
+
1 states and their ratio R4/2 = E(4
+
1 )/E(2
+
1 )
have been shown to reveal clear patterns of nuclear shell structure. Figure 1.2 and 1.3
show the known 2+1 energies and R4/2 ratios for even-even nuclei across the nuclear chart.
Clear patterns are observed, with the highest 2+1 energies and lowest R4/2 ratios occurring
at nuclear magic numbers. Within the region north-east of 78Ni these same features are
observed in the Zr (protons, Z = 40) nuclei and its neighbours. The 2+1 systematics
shown in Figure 1.4 further illustrate this feature seen in the 2+1 observables. From the 2
+
1
systematics in the Zr chain increased energies are seen at neutron number N = 56 and 58
suggesting increased stability and the possible emergence of new nuclear magic numbers.
What is also clear from Figure 1.4 is that fewer and fewer neutron-rich nuclei beyond
N = 50 have been measured as you approach Ni. The least well known chain beyond 78Ni
is the Zn chain, where 82Zn was only recently measured for the first time [13].
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Figure 1.2: Nuclear chart coloured to display the known energies of the first 2+ excited
state, E(2+1 ), for even-even nuclei. The highest E(2
+
1 ) values occur at magic numbers
of nucleons, indicated on the chart. Image modified from: [14].
Figure 1.3: Nuclear chart coloured to display the known ratio of the first 4+ to first 2+
excited state energies, R4/2 = E(4+1 )/E(2
+
1 ), for even-even nuclei. The lowest R4/2
values occur at magic numbers of nucleons, indicated on the chart. Image modified
from: [14].
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Figure 1.4: Systematics of E(2+1 ) for even-even nuclei from Zn to Zr (Z = 30–40) with
N ≥ 50. The 2+1 energies in the Zn isotopic chain has been measured up to N = 52
(82Zn). The N ≥ 54 Se points were obtained in the SEASTAR 2015 campaign in
Ref. [15], while the remaining data were taken from Ref. [16].
1.1 Neutron-Rich Zn Isotopes
78Ni is a doubly-magic nucleus with Z = 28 and N = 50 sitting in a very neutron-rich
region with a high neutron-to-proton ratio. 78Ni has garnered a lot of attention in recent
experimental and theoretical investigations [17–23]. 78Ni was measured in the SEASTAR
2014 experimental campaign and is under analysis by R. Taniuchi (University of Tokyo).
These research efforts have primarily aimed at observing and understanding the shell evolu-
tion in the vicinity of the doubly-magic 78Ni nucleus. From these investigations calculated
effective single-particle energies predict an inversion of the pip3/2 and pif5/2 orbitals in the
78Ni region [4], which have subsequently been confirmed in 75Cu by measurements of the
magnetic moment and spin [24]. Additionally, 78Ni is calculated to have around 75% closed
shell configuration [22, 23]. This compares to the doubly-magic 56Ni (N = 28) which was
calculated to be 50–60% closed-shell configuration [23, 25].
Zn with Z = 30 is the first even-Z isotopic chain above the Z = 28 of Ni. Radioactive
beam intensities at the RIBF, RIKEN, Japan have recently facilitated the first spectroscopy
of even-even Zn nuclei beyond N = 50. In a recent study, the first spectroscopy of 82Zn
was performed by Y. Shiga et al. in Ref. [13] via 9Be(X, 82Zn + γ) nucleon knockout
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reactions. Y. Shiga et al. reported on a 621(11) keV transition which they assigned as the
(2+1 ) → 0+g.s. transition in 82Zn. It can be seen in the E(2+1 ) systematics that the 82Zn
measurement follows closely the same trend in its neighbouring isotopic chains. Within
this work the Zn nuclei beyond the N = 50 major shell closure are being investigated,
specifically the first excited states of 81,82,83,84Zn. 84Zn (N = 54) is the most exotic Zn
nucleus measured in this work, sitting 14 neutrons away from the last stable isotope of Zn,
70Zn (N = 40). Two differing state-of-the-art shell model calculations will be compared
to the Zn results obtained in this work. The Ni78-II calculation assumes an inert 78Ni
core with a full valence space till the next major shell closure. While the Monte Carlo
Shell Model (MCSM) calculation allows the 78Ni core to be broken albeit only one valence
orbital above Z,N = 50 is being considered. Comparing these differing calculations to our
results will probe the role of core-excited states in the vicinity of 78Ni.
1.2 The SEASTAR Project
Figure 1.5: Overview of the E(2+1 ) and E(4
+
1 ) measurements foreseen within the
SEASTAR project. Five foreseen E(4+1 ) measurements are indicated, however the 4
+
1
states will be measured where possible in all even-even nuclei. Image source: [26].
The Zn results obtained in this work were obtained within the Shell Evolution And
Search for Two-plus states At the RIBF (SEASTAR) project [26, 27]. The SEASTAR
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project is a physics program intended for the systematic measurements of 2+1 states up to
Z = 40 (Zr) that are presently accessible with 70Zn and 238U beam intensities. Included
within the project are a number of physics interests:
• a neutron sub-shell at N = 34 below 54Ca (52Ar)
• correlations in Ca isotopes beyond 54Ca (56Ca)
• low-Z shore of the N = 40 Island of Inversion (60,62Ti)
• collectivity evolution beyond N = 40 (66Cr, 72Fe)
• robustness of the N = 50 shell closure (78Ni)
• orbital migration beyond N = 50 (82,84Zn, 86,88Ge, 90,92Se)
• the rise in collectivity at N ≥ 60 (94Se, 98,100Kr)
• evidence for a N = 70 sub-shell closure (110Zr)
The exotic nuclei of interest in the SEASTAR project are at or near the limit of current
accelerator capabilities, thus presenting a substantial challenge in performing the exper-
imental measurements. Such difficulties mean that our knowledge of this region of the
nuclear chart is extremely limited. The SEASTAR project aims to make the first measure-
ments in the region, providing a substantial initial contribution to the knowledge of the
region. In order to access these very exotic nuclei the SEASTAR project is being conducted
at the Radioactive Isotope Beam Factory (RIBF), RIKEN, Japan [28]. The RIBF is the
first of the next-generation heavy-ion research facilities providing uniquely-high radioac-
tive ion beam intensities. A series of four cyclotrons are used to accelerate 238U primary
beams to 345 MeV/nucleon. In-flight fragmentation-fission of the high-intensity 238U beam
produces extremely neutron-rich medium mass secondary beams around 250 MeV/nucleon
for experiments.
In order to produce and study very neutron-rich nuclei of interest (p, 2p) and (p, 3p)
proton knockout reactions are performed in the SEASTAR project. Knocking out a pro-
ton or two from an incident neutron-rich ion directly accesses a nucleus with an increased
neutron-to-proton ratio than that of the incident beam. In the SEASTAR project the pro-
ton knockout reactions are induced by impinging the secondary beams onto a 10 cm thick
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liquid hydrogen(LH2) target. The thick target increases the reaction rate and therefore
luminosity, which complements the already high-intensity beams provided at the RIBF.
However, given the high beam energies a considerable Doppler shift will be observed when
detecting the emitted γ rays. To be able to Doppler correct γ-rays the location of the
reaction, i.e. point of γ-ray emission, needs to be precisely known. The thick LH2 target
presents difficulties in reaction vertex determination. To combat this a specially designed
vertex tracker was developed. A Time Projection Chamber (TPC) detector tracked outgo-
ing protons in the reactions, allowing the related reaction vertex to be reconstructed. The
LH2 target and TPC detector together are called MINOS (MagIc Numbers Off Stability)
[29]. The γ rays are detected by the DALI2 (Detector Array for Low Intensity radiation
2) [30] array of 186 NaI(Tl) scintillator detectors surrounding MINOS, while the reaction
channels are selected by the excellent beam identification in the BigRIPS and ZeroDegree
spectrometers [31, 32].
The first SEASTAR experimental campaign took place in May 2014 focussing on the
spectroscopy of 66Cr, 70,72Fe, and 78Ni. 81Zn was measured as a by-product in the 79Cu
setting for measuring 78Ni. The second campaign took place in April/May 2015, focussing
on the spectroscopy of 82,84Zn, 86,88Ge, 90,92,94Se, 98,100Kr, and 110Zr. 82,83,84Zn were
measured in the 85Ga setting dedicated for the spectroscopy of 84Zn. The third campaign
is scheduled to take place in the autumn of 2016 to measure the lower mass nuclei: 52Ar,
56Ca, and 56Ti.
8Chapter 2
Theory
2.1 Nuclear Models
A scientific model aims to describe a particular phenomenon in such a way that it can both
reproduce current experimental measurements and predict future measurements. Within
nuclear physics the structure and properties of the nucleus are described by various nuclear
models. All models begin from a fundamental physical concept, and are subsequently
expanded upon to reproduce empirical nuclear properties. Once current experimental
measurements can be successfully recreated by the model, it can be evaluated further by
attempting to predict future measurements of as yet unmeasured nuclei. The efficacy of
predictions serve as input to the model, thereby extending the scope and accuracy of the
model.
Nuclear models tend to fall into two main types: macroscopic and microscopic. Macro-
scopic models, such as the liquid drop model, treat the nucleus as one bulk object and
approximate the overall properties. Microscopic models, such as the shell model, examine
the effects single nucleons have on the nucleus’ global properties. Given the nuclei being
investigated the theoretical discussion will focus on the microscopic shell model
2.1.1 The Liquid Drop Model
The liquid drop model provided one of the first approximations of the nucleus. Within
this model the grouping of protons and neutrons in the nucleus are analogous to a charged
droplet of fluid. The nucleons are bound together to produce this nuclear droplet by the
nuclear strong force. Nucleons at the surface of the nucleus experience different strength
forces to those located within the interior, which is comparable to surface tension within
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a drop of fluid. Parallels to a charged drop of liquid are also drawn when it comes to the
volume and electric repulsion properties.
Figure 2.1: Binding energy per nucleon, BE/A, as a function of mass, A. Shown in
the top panel is the contribution of each additional term to the liquid drop model
binding energy formula. Volume term (A), plus surface term (B), plus Coulomb term
(C), total formula (D). Experimental BE/A values are shown in the bottom panel.
Image source: [33].
The semi-empirical mass formula (SEMF), first formulated by C. F. v. Weizsäcker in
1935 [34], describes the binding energy in the liquid drop model. The SEMF provided a
way to model the systematics of binding energy per nucleon, shown in Fig. 2.2. Within
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the liquid drop model the binding energy, BE, of a nucleus is given by:
BE = aVA− aSA2/3 − aC Z
2
A1/3
− aA (A− 2Z)
2
A
± δ(A,Z) (2.1)
where the constants, aV , aS , aC , aA, and δ, are adjusted to experimentally measured
values. Each term accounts for variations in binding energy due to specific properties.
These terms are:
• Volume term, aVA. The nuclear strong force has a limited range, leading to each
nucleon only being bound to a certain number of neighbouring nucleons based on the
volume, V , of the nucleus (V ∝ A).
• Surface term, aSA2/3. This term is a correction to the volume term that accounts
for nucleons on the surface of the nucleus not interacting with as many neighbours
as those below the surface.
• Coulomb term, aC Z2A1/3 . The Coulomb repulsion between protons in the nucleus leads
to this reduction in binding energy.
• Asymmetry term, aA (A−2Z)
2
A . The strong interaction between proton-neutron is
generally more attractive than the proton-proton or neutron-neutron counterparts.
Therefore this term arises due to the Pauli exclusion principle and because the overall
energy is lower when N = Z.
• Pairing term, δ(A,Z). Nucleons form pairs within the nucleus, thus providing addi-
tional binding energy. For even-even nuclei (Z, N even) the pairing term is additive.
For odd-odd (Z, N odd) the term is subtractive. Finally, for even-odd or odd-even
(A odd) the term is zero and has no effect on the formula.
Comparing the liquid drop model values to experimental values in Fig. 2.2 shows a
good agreement on average. However, it is observed that there are localised areas at
which experimental values deviate. These deviations correspond to increased binding at
particular values of Z and N , suggesting shells within the nucleus. To further understand
the emergence of these deviations one needs to move from the macroscopic liquid drop
model and look to the microscopic shell model.
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(a) (b)
Figure 2.2: Difference between experimental and liquid drop model binding energies
for neutrons (A) and protons (B). The localised increases in binding energy correspond
to the magic numbers 20, 28, 50, 82, and 126. Image source: [33].
2.1.2 The Shell Model
There is a wealth of evidence supporting the existence of discretised shells within nuclear
structure. Evidence for shells are also demonstrated by the separation energy of nucleons
from the nucleus. The one-nucleon separation energies, S, are defined for neutrons by
Eqn. 2.2 and for protons by Eqn. 2.3 [33]. Where Q is the Q-value and BE is the binding
energy.
Sn = −Qn = BE(N,Z)−BE(N − 1, Z) (2.2)
Sp = −Qp = BE(N,Z)−BE(N,Z − 1) (2.3)
The plots in Fig. 2.3 show how the separation energy of nucleons becomes greater as the
number of nucleons increases. However, also shown within the trend are dramatic drops
in the separation energy. These discontinuities in separation energy occur at the same
numbers seen in the liquid drop model. The shell model attributes these specific intervals
with the filling of nuclear shells. The nucleon number at which these closures occur are
known as magic numbers, at Z or N = 2, 8, 20, 28, 50, 82, and 126. It is vital that any
accurate theoretical model should be able to reproduce the magic numbers and be able to
predict higher mass shell closures.
The nuclear shell model builds on the analogous atomic shell model, where observed
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(a) (b)
Figure 2.3: The top panels show one-neutron (A) and one-proton (B) separation en-
ergies as a function of neutron and proton number for even-even nuclei with N > Z
respectively. The bottom panels on both show the differences between these separa-
tion energies for the respective nucleons. The common dashed lines for both plots are
the magic numbers at N or Z = 8, 20, 28, 50, 82, and 126. Image source: [33].
drops in ionisation energy represent the filling of atomic shells. The atomic shell model
has developed a clear description and comprehension of atomic structure. This simple
approach allows atomic structure to be successfully visualised, predicting the properties of
atoms, mostly governed by their valence electrons. With smooth variations of the atomic
properties seen within a subshell, followed by drastic changes to the properties when a
subshell has been filled. In the atomic shell model, the motion of electrons and therefore
formation of subshells are a result of the Coulomb central potential provided by the nucleus.
However, in the nuclear shell model each nucleon is considered to move within a potential
produced by all nucleons in the nucleus [35, p. 118].
A realistic shell model potential is required as the starting point in developing an
applicable shell model for nuclear structure. The infinite well and harmonic oscillator are
two potentials for which the solutions to the Schrödinger equation are well known. However,
the shell structure obtained from solving these individual potentials only provides us with
the first few closures (magic numbers 2, 8, and 20). Instead of either of these potentials,
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the Woods-Saxon potential (Eqn. 2.4) can be chosen as a more realistic potential for the
nucleus; a modified potential which is a combination of the harmonic oscillator and finite
well potentials [35, p. 122].
V (r) =
−V0
1 + exp [(r −R) /a] (2.4)
Where V0 is the well depth (typically of order 50 MeV), R is the mean radius (typically
R = 1.25A1/3 fm), and a is the skin thickness of the well (a = 0.524 fm), sometimes referred
to as the diffusivity. The form of the Woods-Saxon potential can be seen in Fig. 2.4.
Figure 2.4: A plot of the general form of the Woods-Saxon potential, showing the mean
well radius, R, and the skin thickness, 4a ln 3 [35, p. 122]. Over the skin thickness the
potential changes from 0.9V0 to 0.1V0. Image source: [35, p. 122].
Just as with the atomic shell model, each energy level has a degeneracy of the number of
particles that can be placed in the shell, given by 2 (2`+ 1), where ` is angular momentum
quantum number. Definitions of ` as well as the other quantum numbers can be found in
Appendix A. Filling the energy levels, produced by solving the Schrödinger equation for
the Woods-Saxon potential according to this degeneracy, yields the magic numbers 2, 8,
and 20. However, once again the magic numbers beyond 20 are not reproduced from the
model and thus the potential needs to be altered.
To modify the potential while still retaining the basic physics, and thus the first few
magic numbers, extra terms need to be added to allow the higher magic numbers to emerge.
In the late 1940s Mayer [1, 2], Haxel, Jensen, and Suess [3] showed that inserting a term
to account for a spin-orbit interaction for the spin-orbit potential would yield all of the
experimentally observed shell closures, as well predicting as yet unseen closures at Z or
N = 184, and Z = 126. The effect of the spin-orbit interaction is to split the levels
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Figure 2.5: General energy level diagrams: on the left are the energy levels produced
by solving the Woods-Saxon potential alone, and on the right are the energy levels
calculated from the same Woods-Saxon potential with consideration of the spin-orbit
potential. The circled numbers in both level diagrams indicate the shell closures; with
the magic numbers clearly reproduced in the model to the right. Image source: [35,
p. 123].
with ` > 0 into two separate levels, accounting for the nucleon-nucleon spin-orbit force
apparent in nucleon-nucleon scattering experiments. Thus, the inclusion of the spin-orbit
term results in the inclusion of the total angular momentum j, in the labelling of the
states (where j = |`± 12 |). The degeneracy of the levels changes from 2 (2`+ 1) to 2j + 1.
Thus, the set of magic numbers are reproduced by the model due to the single particle
energy levels being filled by magic numbers of nucleons, leading to a separation in energy
between any given filled shell and the next available shell. A comparison of the energy
levels with and without the spin-orbit interaction accounted for can be seen in Fig. 2.5,
with an indication of the extracted magic numbers.
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2.1.3 The Multi-Particle Shell Model
Figure 2.6: Illustration of the coupling of two particles with angular momentum j1
and j2 to produce states with total angular momentum Ji. Residual interactions
between the two particles cause energy shifts in the observed states. Image source:
[36, p. 70].
In the previous description of the shell model the spin and parity of a state is deter-
mined by the last unpaired single particle, and hence referred to as the independent-particle
model. This model is successful in describing nuclear ground states in many spherical nu-
clei. In order to reproduce nuclear excited states one needs to consider the combinations
of multi-particle configurations. These multi-particle excitations arise from residual in-
teractions between the multiple particles. Figure 2.6 demonstrates the energy shifts that
arise from a residual interaction. The notation
(
f5/2
)n is used to indicate a multi-particle
configuration in which there are n particles in the f5/2 shell. In the case of two particles
with angular momentum j1 and j2, they can couple together to form states with integer
values of angular momentum J given by the range:
|j1 − j2| ≤ J ≤ |j1 + j2| (2.5)
Due to the Pauli principle, some of the J values in the range will not be allowed. Specif-
ically, particles with identical angular momentum j and angular momentum projection mj ,
where mj is integer steps in the range:
− j ≤ mj ≤ j (2.6)
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The parity, pi = (−1)l, of multi-particle configurations is multiplicative. Therefore, the
earlier example of
(
f5/2
)n with l = 3 will produce states of parity pi = ((−1)3)n = (−1)n.
Figure 2.7 shows some examples of the possible Jpi states observed for various multi-particle
configurations. Equivalent orbits refer to those where n1l1j1 = n2l2j2 for the two particles.
Figure 2.7: Examples of the states produced in multi-particle configurations of iden-
tical nucleons. Examples for equivalent orbits (n1l2j1 = n2l2j2) and non-equivalent
orbits are shown. Image source: [36, p. 77].
2.1.4 The Collective Model
The shell model is best suited to predicting the structure of light nuclei, and those in the
vicinity of closed shells where there are very few, if any, valence nucleons. Shell model cal-
culations are still possible for nuclei with several valence nucleons, however, the computing
power required rapidly increases such that it becomes unfeasible. Furthermore, many nu-
clei exhibit properties which generally vary smoothly across the entire mass range. These
are common properties regardless of the number of valence nucleons, and are referred to as
collective properties. Therefore, one needs to consider the macroscopic collective model of
many nucleons contributing together to explain observed behaviours. The collective model
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is based on the liquid drop model (discussed in Section 2.1.1), where collective nuclear mo-
tion such as vibrations and rotations can be treated in a similar way to that of a physical
liquid drop [35, p. 68].
Figure 2.8: E(2+1 ) systematics across the entire mass, A, range. Lines connect chains
of isotopes. Major shell closures are indicated. Image source: [35, p. 137].
Figure 2.9: R4/2 = E(4+1 )/E(2
+
1 ) systematics across the entire mass, A, range. Lines
connect chains of isotopes. Major shell closures are indicated. Image source: [35,
p. 137].
Collective behaviour can be seen in the properties of low-lying states of many nuclei.
For instance, in almost all even-even nuclei the first excited state is a 2+ state. Generally
these 2+1 states occur at a lower energy than predicted by shell model calculations. The
excitation energies, E(2+1 ), of these 2
+
1 states display an average downward trend as a
function of mass, A, as shown in Fig. 2.8. Exceptions to this smooth variation occur near
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closed shells and in lighter nuclei, seen in Figure 2.8 and 2.9. In Figure 2.9 the ratio
E(4+1 )/E(2
+
1 ), R4/2, for A < 150 vary about 2.0, and for 150 < A < 190 and A > 230 it
is extremely constant about 3.3. Therefore, suggesting that there exists two main types of
collective behaviour, alluded to earlier as being vibrational and rotational.
Figure 2.10: Cross-sectional diagram of vibrational modes (solid lines) of nucleus from
an equilibrium spherical shape (dashed lines). The three lowest energy vibrational
modes are shown, labelled by their multipolarity, λ. Image source: [35, p. 140].
Vibrational states in nuclei are easily treated similarly to the vibrational modes of a
suspended liquid drop. The three lowest vibrational modes are depicted in Figure 2.10. A
quantum of vibration is referred to as a phonon, with angular momentum or multipolarity,
λ. The energy of vibrational states, En is given by [35, p. 140]:
En = nh¯ω (2.7)
where n is principal quantum number (see Appendix A) and number of phonons in the
excited state, ω is the frequency of the vibration, and together h¯ω is the phonon energy. A
dipole (λ = 1) mode shifts the entirety of the nucleus and so cannot occur without external
forces. This mode requires considerable energy in the tens of MeV and thus plays no part
in low-lying nuclear states [36, p. 146]. A quadrupole (λ = 2) is the next lowest vibrational
mode and the most common in both spherical and deformed nuclei. Vibrational nuclei
typically have a R4/2 ∼ 2.0 and are described as vibrations about a spherical equilibrium
shape.
Rotational behaviour, on the other hand, can only be observed in nuclei with non-
spherical shapes, such as an ellipsoid. This is because quantum mechanically there is no
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change under rotation about spherically symmetric axes. The energy of rotational states,
Erot, is calculated by [37, p. 59]:
Erot(I) =
h¯2
2J I(I + 1) (2.8)
where J is the moment of inertia, and I is the total nuclear angular momentum.
Rotational nuclei are classified by R4/2 ∼ 3.3, specifically referred to as a rigid rotor.
Consequently, the nuclei with 150 < A < 190 and A > 230 in Figure 2.9 are commonly
rigid rotor rotational nuclei.
2.2 Direct Reactions
Direct reactions are those which proceed directly from an initial state to a final state
[38, p. 1]. The alternative is a compound reaction, where an intermediate nucleus is
formed between the initial and final states of the reaction [39, p. 64]. The simpler single-
step process of direct reactions generally requires that the final state is simply related
to the initial state by the reaction mechanism [37, p. 108]. Therefore, direct reactions
serve as an important tool for probing the low-energy structure and properties of nuclei.
The study of radioactive exotic nuclei in direct reactions becomes problematic due to the
impracticality of producing targets with such short half-lives. The solution is to perform
the direct reactions in inverse kinematics, which has been facilitated by the advancements
in radioactive beam facilities. Within inverse kinematics the radioactive nuclei are now the
beam projectiles, while the stable nuclei such as protons constitute the target.
There are a number of different types of direct reactions which can occur: (i) elastic
scattering is the simplest nuclear reaction where no nucleons or energy are exchanged
within the reaction, and is useful to probe the radii of nuclei. (ii) inelastic scattering
results in only a transfer of excitation energy, thereby exciting the target nucleus from
its ground state to an excited state. Inelastic scattering preferentially populates collective
excited states, thereby probing collective structure [37, p. 110]. (iii) transfer of one or
more nucleons from projectile to target yields information on the populated excited states
and their structure. (iv) knockout of one or more nucleons from the target nucleus provide
valuable information on nuclear structure [37, p. 29] such as in the first spectroscopic
studies of very neutron-rich nuclei via (p, 2p) reactions. Knockout reactions are of interest
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in this work, primarily (p, 2p) reactions, an example is shown in Figure 2.11. It should be
noted that in the previous reaction descriptions the terms target and beam related to the
direct kinematic nuclei, under inverse kinematics these nuclei are reversed.
Figure 2.11: Schematic diagram of a (p, 2p) proton knockout reaction in inverse kine-
matics. The angles, θ and φ, of the outgoing protons depend on the kinematics of the
reaction.
Knockout reactions of one or two nucleons are a powerful spectroscopic tool at pro-
jectile fragmentation facilities, such as RIBF (Japan), NCSL (USA), and GSI (Germany).
Additionally, proton knockout reactions such as (p, 2p) and (p, 3p) can provide access to
neutron-rich nuclei that are currently inaccessible via β decay. Knockout reactions are
well suited to the rare isotopic beams produced at such facilities. The fast beams (a few
hundred MeV/nucleon) result in the focusing of projectile residues in small solid angles,
suitable for residue identification in a fragment separator. Thick targets, such as liquid
hydrogen, can counteract the low intensity of very exotic beams to still result in high lu-
minosity. Energy measurement accuracy with thick targets can be improved via reaction
vertex reconstruction, provided by γ-tracking Ge arrays, or by charged particle tracking in
proton knockout reactions such as (p, 2p) and (p, 3p).
2.3 Gamma-Ray Transitions
γ-ray spectroscopy is an indispensable tool in the research of nuclear structure. An excited
nuclear state will decay to the ground state, via the emission of γ ray photons, either
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directly or through other lower-energy states. The energy of an emitted γ ray, Eγ , is
prescribed by the energy difference of the initial and final states of the γ emission. The
probability of a state γ decaying is governed by transition rules which depend on the
quantum numbers of the respective initial and final states.
As indicated earlier a photon will carry away a particular amount of energy under γ
decay. The photon will also take angular momentum, L, with it and is referred to as
having multipolarity L. Angular momentum is conserved within γ decay. Therefore the
magnitude of the photon’s angular momentum is related to the spin (angular momenta)
of the initial, Ii, and final, If , states by the vector relation:
Ii = If + L (2.9)
where the values of L can be any integer (except L = 0) between the sum, Ii + If , and
the difference, Ii − If , given by the selection rule:
|Ii − If | ≤ L ≤ |Ii + If | (2.10)
γ-ray transitions between 0+ and 0− states (L = 0) are forbidden as photons have an
intrinsic spin of 1h¯ (L = 1). γ decay can be classified as electric or magnetic. Electric
radiation, E, is due to shifts in the charge distribution, whereas magnetic, M , radiation
is caused my shifts in the current distribution. The electromagnetic classification is deter-
mined by selection rules on the parity change in the transition:
∆pi(EL) = (−1)L (2.11)
∆pi(ML) = (−1)L+1 (2.12)
Therefore, electric and magnetic multipoles will have opposite parity for a given value
of L [35, p. 334]. Typically the selection rules permit several possible multipoles for a
transition. Single particle (Weisskopf) estimates are used to predict which is the more
probable emitted multipole. Table 2.1 summarises the classification of γ-ray transitions
including the Weisskopf transition porbabilities, λ.
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Table 2.1: Selection rules for γ-ray emission. The γ-ray energy, Eγ , are entered into
the Weisskopf single-particle estimates in units of keV.
Multipolarity Type L ∆pi Transition probability, λ (s−1)
Dipole E1 1 yes 1.0× 10
14A2/3E3γ
M1 1 no 5.6× 1013E3γ
Quadrupole E2 2 no 7.3× 10
7A4/3E5γ
M2 2 yes 3.5× 107A2/3E5γ
Octupole E3 3 yes 34A
2E7γ
M3 3 no 16A4/3E7γ
From the Weisskopf estimates in Table 2.1 it is clear that the lowest permitted multipole
transition will be favoured [35, p. 335].
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Experimental Details and Techniques
At the time of writing, two experimental campaigns of the SEASTAR project have been
conducted, with a third campaign planned. All experimental campaigns were conducted at
the Radioactive Isotope Beam Facility (RIBF), RIKEN, Japan. The first campaign took
place in May 2014 focussing on the spectroscopy of 66Cr, 70,72Fe, and 78Ni. The second
campaign took place a year later, in April/May 2015, and the main spectroscopy aims were
of 82,84Zn, 86,88Ge, 90,92,94Se, 98,100Kr, and 110Zr. The third campaign is scheduled to take
place in the autumn of 2016, for the spectroscopy of 52Ar, 56Ca, and 56Ti.
A primary beam of 238U was accelerated at the RIBF and impinged on a 9Be primary
target. Secondary, fission, beams were selected and transported to the F8 focal plane
area by the BigRIPS, two step separator. The experimental setup at F8 consisted of
the MINOS target system which was surrounded by the DALI2 γ detector array. The
spectroscopy of nuclei was primarily via (p, 2p) knockout reactions that occurred in the
MINOS liquid hydrogen target, with the resulting γ rays measured by DALI2. Knockout
residues were identified downstream of the MINOS target by the ZeroDegree spectrometer.
Reaction channel selection was performed by utilising the particle identification within the
BigRIPS and ZeroDegree spectrometers. Note that for the third SEASTAR campaign a
70Zn primary beam would be used, and the SAMURAI spectrometer would be used instead
of ZeroDegree.
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3.1 Radioactive Isotope Beam Facility
3.1.1 Primary Beam Production
Figure 3.1: Diagram of the RIBF heavy-ion accelerator system. Shown is the mode
for a primary beam of 345 MeV/nucleon constant energy. The harmonic numbers, h
used in each cyclotron are indicated. Image source: [40].
The RIBF heavy-ion accelerator system [41] shown in Figure 3.1 was used to accelerate
a 238U primary beam to 345 MeV/nucleon. The uranium ions are initially created in the
Superconducting-Electron Cyclotron Resonance Ion Source (SC-ECRIS), and then accel-
erated by the RIKEN Heavy Ion LINAC (RILAC). Following the initial acceleration the
238U35+ ions [42] proceed through the four cyclotrons at the RIBF facility: the RIKEN
Ring Cyclotron (RRC), the fixed-frequency Ring Cyclotron (fRC), the Intermediate Ring
Cyclotron (IRC), and finally the Superconducting Ring Cyclotron (SRC) [31]. Along the
way the beam passes through two strippers, a helium gas stripper [43] after the RRC and
a beryllium disk stripper [44] after the fRC. The first stripper strips the ions to 238U71+
and the second strips them to 238U88+ [42]. Upon exiting the SRC the 345 MeV/nucleon
uranium beam is transported to the experimental area.
3.1.2 Secondary Beam Production
The 345 MeV/nucleon 238U primary beam was impinged on a 3 mm thick 9Be primary
(production) target at the F0 focal plane of the BigRIPS spectrometer (see Figure 3.3).
The average intensity of the 238U beam on the primary target was 12 pnA in the 2014
campaign and 30 pnA in the 2015 campaign. In-flight abrasion-fission (also referred to
as fragmentation-fission) reactions, shown in Figure 3.2, were induced by collisions of
primary beam and target. As the reaction occurs in-flight, the resulting fission fragments
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continue forward with a velocity comparable to the primary beam velocity before target.
Secondary fragment beams are subsequently identified and separated within the BigRIPS
spectrometer, see Section 3.2 for more details.
Figure 3.2: Diagram of the abrasion-fission (or fragmentation-fission) reaction mecha-
nism. A 238U primary beam was impinged on a 9Be target within this work. Following
collision the first part of the reaction is a fragmentation reaction, followed by deexci-
tation via neutron emission, fission and then further neutron emission. Image based
on: [45]
In-flight fission of a uranium beam is well known as an effective mechanism for accessing
the very neutron-rich nuclei of the nuclear chart [46–49]. This mechanism tends to produce
a pair of medium mass fragments which generally retain a similar proton-to-neutron ratio
to the fissile isotope [45]. Therefore, 23892U with ∼1.6 times more neutrons than protons
will produce medium mass nuclei which are very neutron-rich for their mass region.
3.2 BigRIPS and ZeroDegree Spectrometers
Figure 3.3: Scheme of the BigRIPS (F0–F7) and ZeroDegree (F8–F11) spectrome-
ters. Indicated are the numbered focal planes, F, and the dipole magnets, D. The
SEASTAR setup of DALI2 and the MINOS target system are indicated at F8. Image
modified from source: [50].
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The BigRIPS and ZeroDegree spectrometers [31, 32] shown in Figure 3.3 were used
during the 2014 and 2015 SEASTAR experimental campaigns. BigRIPS is located between
the F0–F7 focal planes, while ZeroDegree is between F8–F11. Discussed in the previous
section was the in-flight fission of the 238U beam and the 9Be target that occurs at the
F0 focal plane of BigRIPS. Following this reaction, a cocktail secondary beam of fission
fragments must be separated in order to obtain secondary beams of interest.
Table 3.1: Characteristics of the BigRIPS and ZeroDegree spectrometers [32]. H and
V indicate the horizontal and vertical planes, respectively. Bρ is the magnetic rigidity.
Characteristic BigRIPS ZeroDegree
Angular Acceptance (mrad) H: 80 H: 90
V: 100 V: 60
Momentum Acceptance (%) 6 6
Maximum Bρ (Tm) F0–F2: 9.5 F8–F11: 8.1
F3–F7: 8.8
Momentum Resolution, p/∆p † F0–F2: 1260 F8–F11: 1240
F3–F7: 3420
Length, L (m) 78.2 36.5
† Assuming a 1 mm beam spot at the first focal plane in the respec-
tive ranges.
Figure 3.4: Beam optics through the BigRIPS and ZeroDegree spectrometers in the
horizontal (top) vertical (bottom) planes. The BigRIPS focal planes are labeled F0–
F7, where F0 corresponds to the 9Be primary target position. The ZeroDegree focal
planes are labelled F8–F11, where F8 is the MINOS LH2 secondary target position.
The mid-point, M, plane in ZeroDegree is also indicated. Image modified from: [32].
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BigRIPS is a two-stage separator: in the first stage, F0–F2, separation of nuclei is
achieved using the Bρ–∆E–Bρ technique, followed by the second stage, F3–F7, where
identification of the beam takes place by utilising the Bρ–∆E–TOF method. Following
reactions with the secondary target the residues are identified in the ZeroDegree spectrom-
eter, also using the Bρ–∆E–TOF method. The beam optics through the focal planes of
the BigRIPS and ZeroDegree spectrometers are shown in Figure 3.4.
3.2.1 Bρ–∆E–Bρ Selection
The first stage of the BigRIPS separates the secondary beams with a momentum achro-
matic magnetic separator. This F0–F2 section of BigRIPS consists of: four superconduct-
ing quadrupole triplets (STQs), two dipoles (D1 and D2) with a curvature of 30◦, and
an aluminium wedge degrader at the F1 dispersive plane between the two dipoles. The
D1 dipole separates the nuclei by their momentum onto the F1 dispersive focal plane. A
6 mm thick aluminium wedge degrader at F1 provided separation of the nuclei based on
their energy loss [51]. Additional nuclei are removed by way of horizontal and vertical
slits at the F1 plane. Finally the D2 dipole provided further momentum separation of
the nuclei. Due to the sequence of this separation the technique is named Bρ–∆E–Bρ.
Figure 3.4 demonstrates these separations as an optics diagram through the focal planes
of the spectrometers.
An ion moving through a constant magnetic field, B, will curve depending on its mass,
A and its charge, Q. Note that for a fully stripped ion Q = Ze, where e is the electron
charge. The mass-to-charge ratio, A/Q, is related to the ion’s movement through the
magnetic field by the expression:
Bρ =
A
Q
βγuc (3.1)
where ρ is the radius of the curvature, c is the speed of light, β = v/c is the velocity
in terms of c, u is the atomic mass unit, and γ = 1/
√
1− β2 is the relativistic correction
factor. Bρ is the magnetic rigidity of the ion. The magnetic field applied by the dipole
magnets is known, therefore, according to Equation 3.1 the observables needed to obtain
A/Q are the velocity and the radius of curvature. Measurements of these observables are
made using beam-line detectors: PPACs measure the ion positions at focal planes and
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therefore determine ρ, and plastic scintillators measure the TOF which is simply related
to the velocity. These detectors are further discussed in Sections 3.2.3 and 3.2.4.
Following Bρ selection in the D1 dipole further selection is made using the aluminium
wedge degrader at F1. The thickness of the degrader varies with the horizontal (X) plane
position. Separation is achieved by the energy loss of nuclei in the degrader, described by
the Bethe-Bloch equation [52, p. 31]:
∆E =
4pie4Z2
mev2
naZa
[
ln
(
2mev
2
I
)
− ln (1− β2)− β2] (3.2)
where Z is the atomic number of the beam nucleus, β is the velocity of the beam
nucleus, na and Za are the number density and atomic number of the absorber, me is the
rest mass of an electron, e is the electronic charge, and I is the average excitation and
ionisation potential of the absorber and is generally experimentally determined for each
element [52, p. 31]. From Equation 3.2 it is evident that the energy loss is proportional to
the Z of a nucleus from the wedge degrader.
After the A/Q separation from dipole D1 and the Z separation of the F1 degrader the
dipole D2 performs further A/Q separation. The magnetic field of D2 is set such that
the nuclei of interest are centred while others are dispersed. In summary, the momentum
achromatic separator selects the nuclei of interest using A/Q and Z separations.
3.2.2 Bρ–∆E–TOF Identification
The second stage of BigRIPS, from F3–F7, is where event-by-event identification of the
secondary beams is performed. The F3–F7 section consists of: eight STQs, four dipoles
(D3–D6) with a curvature of 30◦, and a 2 mm thick aluminium wedge degrader at F5 to
further improve the beam separation. The F4–F6 momentum dispersive planes provided
further beam separation. The secondary beams of interest were sent focussed in both
vertical and horizontal planes at the F7 focal plane. This focussing was in preparation for
the secondary target MINOS which was situated at the F8 focal plane. Along the F3–F7
section of BigRIPS identification of the secondary beams was carried out using the Bρ–
∆E–TOF technique. Identification measurements were performed using PPACs, plastic
scintillators and a MUSIC detector. These detectors are further discussed in Sections 3.2.3,
3.2.4, and 3.2.5.
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Following reactions with the MINOS target at F8 the reaction residues were then sep-
arated and identified event-by-event in the ZeroDegree spectrometer from F8–F11 (Fig-
ure 3.3). The ZeroDegree spectrometer consists of: six STQs and two dipoles (D7 and
D8). As with BigRIPS the ZeroDegree identification uses the Bρ–∆E–TOF technique
made possible by the PPACs, plastic scintillators and MUSIC detector along the ZeroDe-
gree line. The following equations are used in the Bρ–∆E–TOF technique for particle
identification:
Bρ =
A
Q
βγuc (3.3)
∆E =
4pie4Z2
mev2
naZa
[
ln
(
2mev
2
I
)
− ln (1− β2)− β2] (3.4)
TOF =
L
βc
(3.5)
where TOF is the time-of-flight, L is the flight path length between plastic scintillators
and β = v/c is the velocity in terms of the speed of light, c. See Section 3.2.1 for a
description of Equations 3.3 and 3.4 and their symbols. Therefore by measurements of
Bρ, ∆E, and TOF the nuclei before and after the MINOS LH2 target can be identified by
A/Q and Z.
3.2.3 Parallel Plate Avalanche Counters (PPACs)
Figure 3.5: Exploded view of a single delay-line parallel plate avalanche counter
(PPAC). Image source: [53].
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Parallel plate avalanche counters (PPACs) are used to measure the position of the beam,
and therefore the radius of curvature (ρ), necessary for A/Q determination in Equations 3.1
and 3.3. PPACs are located at F3, F5, and F7 in BigRIPS and at F8 and F11 before and
after the ZeroDegree spectrometer. Specifically, double delay-line PPACs are used at each
of these focal planes [53]. The delay-line readout is used to prevent pulse pile-up due to the
high-intensity beams produced at the RIBF [53, 54]. Figure 3.5 shows a diagram of a single
delay-line PPAC. Double delay-line PPACs are used to obtain a two-fold measurement of
the beam position for high detection efficiency [53].
The parallel plate electrodes of the PPAC shown in Figure 3.5 are contained within a gas
ionisation chamber with a constant electric field applied across them. Beam ions passing
through the PPAC cause an electron avalanche collected by the electrodes generating a
pulse signal [53]. The interaction position in mm is determined by:
Px = kx
Tx1 − Tx2
2
(3.6)
Py = ky
Ty1 − Ty2
2
(3.7)
where Px is the x position, Py is the y position, Tx1, Tx2, Ty1, and Ty2 are the time
difference between the interaction point and the signal reaching the end of the detection
wire (X1, X2, Y1, and Y2 in Figure 3.5), kx and ky are conversion factors between time
difference to the interaction position and are experimentally obtained [53].
3.2.4 Plastic Scintillators
Plastic scintillators are used to measure the TOF of an ion, which is simply related to the
velocity of the ion. These detectors are chosen for this purpose due to their fast timing
properties [52, p. 223]. Plastic scintillators are positioned at the F3 and F7 focal planes in
BigRIPS and at the F9 and F11 focal planes in ZeroDegree. The plastic scintillators each
have a photo-multiplier tube (PMT) on the left (L) and right (R) sides. The average of
the left and right signals is used to remove the interaction position dependence from the
timing information. The TOF between two plastic scintillators can be calculated using the
following equation, for the example between F3 and F7:
TOF =
(TF7L + TF7R)− (TF3L + TF3R)
2
(3.8)
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where TF3L, TF3R, TF7L, and TF7R are the time at which the interaction was measured
in the respective PMTs. Once the TOF has been obtained the velocity, v, of the ion can
be calculated using:
v =
L
TOF
(3.9)
where L is the distance between the two plastic scintillators.
3.2.5 Gas Ionisation Chambers
Gas ionisation chambers are used to measure the energy loss of the beam ions and therefore
infer the atomic number of the ion by using Equation 3.4. Two gas ionisation chambers were
used, one at F7 in BigRIPS and a second at F11 in ZeroDegree. Commonly the multi-
sampling ionisation chamber (MUSIC) design is used for ∆E measurements. However,
due to the high intensity beams at the RIBF the tilted-electrode gas ionisation chamber
(TEGIC) [55] design was employed, shown in Figure 3.6. The tilted electrodes of the
TEGIC reduces the recombination of electrons-ions pairs within the gas, thereby increasing
the detection efficiency.
Figure 3.6: Cross-sectional side view of the tilted-electrode gas ionisation chamber
(TEGIC). Image source: [55].
As a beam fragment traverses the TEGIC it ionises gas molecules, creating electron-ion
pairs. Under the applied electric field, the electrons drift to the anode and the ions drift to
the cathode. As can be seen in Figure 3.6 the cathodes are grounded, whereas the anodes
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are read out to the electronics. This is due to the fact that the velocity of generated
electrons is much greater than that of the corresponding gas ion. Accordingly the electron
charges are collected faster than the charge of the ions. By rejecting the cathode signals
the detector can measure faster and prevent possible signal pileup. The uncalibrated (raw)
energy lost, ∆E, by a beam fragment is obtained from the geometric average of the six
anode signals in the TEGIC:
∆Eraw =
(
6∏
i=0
dEi
) 1
6
(3.10)
where dEi is the signal from the ith anode. The geometric average is used over the
arithmetic average so as to remove background events. A common background event is
a beam fragment being stopped completely within the chamber. In such an event, one
or more of the anode signals will be zero resulting in ∆Eraw = 0 and the event being
excluded.
3.3 SEASTAR Setup
Between the BigRIPS and ZeroDegree spectrometers is the F8 focal plane which is the
standard secondary target area at the RIBF (see Figure 3.3). For the SEASTAR project
the MINOS target system was placed at the F8 focal plane, surrounded by the DALI2 γ
detector array. The combination of DALI2 and MINOS, shown in Figure 3.7, is referred
to as the SEASTAR setup within this work.
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(a)
(b)
Figure 3.7: 3D drawing of the SEASTAR setup at the F8 area in RIBF. The setup
consists of the DALI2 array (red) surrounding the MINOS target system. The LH2
target of MINOS (blue) is surrounded by a TPC (yellow). (A) Full view of setup with
one half of DALI2 removed. (B) Cross-sectional zoom on the MINOS system. Note
that beam direction is from left to right. Image source: [29].
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3.3.1 DALI2
Detector Array for Low Intensity radiation 2 (DALI2) [30] is an array of γ-ray detec-
tors consisting of 186 NaI(Tl) scintillators. Three different crystals are used in the ar-
ray: 66 crystals
(
45× 80× 160 mm3) manufactured by SAINT-GOBAIN, 89 crystals(
40× 80× 160 mm3) manufactured by SCIONIX, and 31 crystals (60× 60× 120 mm3)
manufactured by BICRON. Each crystal is housed in 1 mm thick aluminium shell, and
coupled to a photomultiplier tube (PMT). The detectors are arranged in layers as seen in
Figure 3.8b and Figure 3.9. In the standard DALI2 layout 12 layers are used with their
arrangement shown in Figure 3.9. A rearrangement of the standard DALI2 geometry was
used in the SEASTAR campaigns to accommodate for the TPC of the MINOS system.
Additionally the arrangement differed slightly between the 2014 and 2015 SEASTAR cam-
paigns. Figure 3.8 shows the arrangement in the SEASTAR 2015 campaign. As such, the
angular coverage of DALI2 in the 2014 campaign was 7–115◦, and in the 2015 campaign
was 12–118◦.
(a) (b)
Figure 3.8: Pictures of the DALI2 γ detector array from the SEASTAR 2015 cam-
paign. (A) View looking downstream through the array. (B) Side view of half of the
DALI2 array (beam from left to right).
A scheme of the electronics for the DALI2 array is shown in Appendix B. The high
voltages (HV) of the DALI2 detectors were set between -1000 V and -1600 V. These HVs
were chosen before the experiment to perform a rough calibration of the detector gain, and
therefore energy range. The peak signal after amplification of the 1173.23 keV transition
from a 60Co source [16] was observed using an oscilloscope. To obtain an operating energy
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range of ∼8 MeV the amplitude of the peak signal for each detector was adjusted to
∼1100 mV. Note that these details refer to the 2015 campaign, a similar process was
carried out for the 2014 campaign [56]. This rough calibration ensures that the peaks from
source data occur at a similar channel in the raw ADC energy spectra. Thereby allowing
automatic fitting routines to quickly and accurately obtain calibration coefficients for all
186 detectors.
Figure 3.9: Layout of DALI2 detector layers in the standard configuration. (Top)
Layout of detectors in 10th and 11th layers. The remaining layers are laid out in a
similar geometry. (Bottom) Layout of the 12th (final) layer. Image source: [8].
Energy resolution and photo-peak efficiency plots for the 2014 SEASTAR configuration
of DALI2 are shown in Fig. 3.10. These values were obtained via simulations within
Geant4 [57] due to the difficulty of making such measurements with the MINOS system
and its large LH2 target. The forward focussing of γ rays due to the Lorentz boost adds to
the difficulty in measuring reaction situation efficiency. The simulations took into account
Doppler-shift corrections as well as the standard addback routine used in the data analysis.
The addback routine has the same maximum distance of 15 cm between γ interactions.
The simulations also accounted for the 10cm thick LH2 target, and the 5 mm vertex
reconstruction resolution of the MINOS TPC tracking algorithm.
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Figure 3.10: Geant4 simulated energy resolution (left) and photo-peak efficiency
(right) at β = 0.6 of DALI2 in the SEASTAR 2014 campaign. Simulations assume
a 10 cm thick LH2 target, Doppler-shift corrections, 5 mm vertex reconstruction
resolution, and a maximum distance of 15 cm for addback of γ interactions in DALI2.
Image source: [56].
3.3.2 MINOS
Figure 3.11: Cross-sectional diagram of the MINOS device. A (p, 2p) reaction is
demonstrated with the two protons being tracked by the TPC which surrounds the
10 cm LH2 target. The orange layer at the left end of the TPC is the Micromegas
detection plane. Note that the Si tracker was not used in the 2015 SEASTAR cam-
paign and the purple external Micromegas cylinder was not used as it is still under
development. Image modified from: [56].
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The MINOS (MagIc Numbers Off Stability) [29] target system is the combination of a
liquid hydrogen (LH2) target and Time Projection Chamber (TPC). MINOS is intended
for nucleon knockout experiments induced by the protons in LH2 target. The TPC is used
to track outgoing protons, thus providing vertex reconstruction of reactions within the
target. Therefore, the MINOS device is well suited to (p, 2p) and (p, 3p) reactions.
LH2 Target
Figure 3.12: Front view of empty MINOS target cell. The Mylar target cell is mounted
on an aluminium support which leads to the cryostat. The thermoformed Mylar end
cap (bottom left) is the exit window to the target cell. Image source: [29].
The target cell, seen in Figure 3.12, which contains the LH2 is made out of polyethylene
terephthalate (PET), commonly referred to by the trademark Mylar. The thermoformed
Mylar target cell has a 110 µm thick entrance window with an effective target diameter
of 39 mm and a 150 µm thick exit window of diameter 52 mm. The length of target cell
(along beam z-axis) can be varied between 100–200 mm, with the target cell set to the
100 mm length configuration for the SEASTAR campaigns. The target length was chosen
so as to maximise the rate of (p, 2p) reactions, while also minimising the second-interaction
probability within the target [29].
The pressure of the LH2 causes the entrance window to curve, thereby increasing the
length of the target. In the SEASTAR 2014 campaign a target cell pressure of 1 bar was
measured, with a LH2 density of 70.973 kg/m3, leading to a 2.7 mm maximum curvature of
the entrance window. In the SEASTAR 2015 campaign a target cell pressure of 0.5 bar was
measured, with a LH2 density of 73.22 kg/m3, leading to a 1.35 mm maximum curvature
of the entrance window. The target cell is held at vacuum of ∼ 10−6 mbar inside a 2 mm
thick aluminium beam pipe of 72 mm inner diameter. Figure 3.11 shows the beam pipe in
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relation to the target cell and TPC. The entrance and exit windows to the beam pipe are
150 µm thick Mylar.
The structure above the DALI2 array in Figure 3.7a is the cryostat in which is the
hydrogen is liquefied. A cryo-cooler (a cold head on top of the cryostat with an adjacent
compressor) liquefies the hydrogren, which then falls by gravity into the target cell. The
MINOS control-command system is used to manage the vacuum and cryogenic target
systems as well as the gas detector systems [29].
Time Projection Chamber (TPC)
The MINOS vertex tracking is provided by a cylindrical gaseous detector surrounding the
target cell and beam pipe, seen in Figure 3.7b. The gas detector is composed of an annular
Time Projection Chamber (TPC) fitted with a Micromegas tracker (Figure 3.11). The
reconstruction of proton tracks is performed using the TPC, allowing the vertex of the
beam-target interaction to be located.
Figure 3.13: Diagram of the Micromegas principle. The distances and electric fields
shown in the labels were those used in the SEASTAR campaigns. Image source: [58].
A charged particle passing through the TPC ionises gas atoms contained in the volume
(see Section 3.2.5). Electrons produced in the ionisation drift to the anode under the
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∼180 V/cm electric field applied across the TPC. The electronic signal is amplified at the
anode detection plane by a bulk-Micromegas detector [59, 60] which is segmented into
pads. The Micromegas detection plane is on the upstream end of the TPC cylinder while
the cathode is at the downstream end. Figure 3.11 demonstrates the electric field direction,
electron drift and the location of the Micromegas detector at the anode plane.
The Micromegas used with the MINOS TPC has a 128 µm amplification gap. The
conversion gap is the 300 mm length of the TPC volume. Dividing the conversion and
amplification gaps is a metallic micromesh at which a high voltage is applied resulting
in an electric field of ∼36 kV/cm across the amplification gap. The large electric field
accelerates the electrons such that they produce electron-ion pairs which themselves create
more pairs, et cetera. This avalanche effect is what results in the large amplification of the
signal. A sketch of the Micromegas detector principle discussed is shown in Figure 3.13.
The Micromegas detector pads allow the (x, y) coordinates of charged-particle tracks
to be measured. However, to obtain a three-dimensional image of the tracks the electron
drift time information is required. The electrons drift parallel to the beam (shown in
Figure 3.11), thus the time they take to drift to the Micromegas detector is related to the
z position they were created at. An analytical formula for the electronic signal of charge
deposited in a Micromegas pad as a function of time, q(t) is written [56]:
q(t) = A exp
(
−3 t− tpad
τ
)
sin
(
t− tpad
τ
)(
t− tpad
τ
)
+ qb (3.11)
where A is the amplitude, τ is the shaping time, tpad is the trigger time in nanoseconds,
and qb is the signal baseline. Fitting the obtained signals with this analytical formula yields
tpad, the time at which the signal is produced in the TPC. The time taken for the electron
to drift is obtained from the difference of the acquisition trigger time and a delay of t0.
Therefore, the position along the beam direction, zpad can be calculated using:
zpad = vdrift (tpad − t0) (3.12)
where vdrift is the drift velocity of electrons in the gas, determined experimentally in
Sec. 4.3.1.
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Double Sided Silicon Strip Detector (DSSSD)
During the SEASTAR 2014 campaign a Double Sided Silicon Strip Detector (DSSSD) was
placed upstream of the LH2 target, shown in Figure 3.11. The DSSSD is the BB18 design
by Micron [61] with a 72 × 72 mm2 active area and a thickness of 560 µm. The DSSSD
is segmented into 128 strips on the front and back which are orthogonal to each other.
The DSSSD was used for beam tracking to improve vertex determination where only one
proton track was observed in the TPC.
Figure 3.14: 3D drawing of the Micron BB18 Double Sided Silicon Strip Detector
(DSSSD) using in the SEASTAR 2014 campaign. Image source: [61].
3.3.3 Data Acquisition and Trigger
The RIBF DAQ [62] was used for data acquisition (DAQ) during the SEASTAR campaigns.
Figure 3.15 shows a typical configuration of the RIBF DAQ used for experiments. The
RIBF DAQ provides hierarchical event building online and parallel data readout of all
beam-line and experimental detectors from their respective front-end computer (FEC).
The FECs read data from the VME and CAMAC modules in the detector electronics
circuit. The MINOS DAQ [29] was enslaved to the RIBF DAQ just as any other standalone
detector. The electronics scheme is shown in detail in Appendix B.
As has been elaborated throughout this chapter, there are a large number of detector
systems in the experimental setup. To integrate the acquisition of these detectors efficiently
a common trigger is required, and therefore a common dead time is also needed. Dead
time refers to the time during which the DAQ is processing data and is unable to collect
additional data. The dead time of the RIBF DAQ system is determined by the FEC
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Figure 3.15: Scheme of a typical configuration of the RIBF DAQ [62]. Each of the
boxes represent a computer. The VME and CAMAC boxes represent the front-end
computer (FEC) that interfaces with the VME or CAMAC module. The DAQ system
is connected by ethernet and the storage area network (SAN). The bubbles represent
the sub-DAQ systems of each detector section. Computers for online analysis are
labelled “Analyzer”. Image source: [62].
with the longest readout times. During the SEASTAR campaigns beam-line detectors
had the longest dead time of ∼200 µs, while DALI2 and MINOS had dead times of order
100–200 µs.
A specialist General Trigger Operator (GTO) module created by H. Baba (RIKEN,
Japan) performed the common trigger logic for the SEASTAR campaigns. Three different
trigger conditions were implemented by the GTO:
• F7 DS – incoming beam rate in BigRIPS, downscaled (DS) by a factor due to high
secondary beam intensity.
• F7×F11 – incoming beam rate in BigRIPS which is transmitted through to ZeroDe-
gree.
• F7×F11×γ – incoming beam rate in BigRIPS which is transmitted through to
ZeroDegree with γ detection (DALI2).
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Once the dead time of a detector setup has ended its VME module sends an End of
Busy signal to the GTO. In the case of MINOS the End of Busy signal is sent by the
MINOS DAQ itself. This allows the GTO to obtain the common dead time and ensures
all the End of Busy signals are received before starting data acquisition again.
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Chapter 4
Data Analysis
The data analysis in the current investigation generally consists of: the identification of
the incoming beam ions in the BigRIPS spectrometer, the detection of γ rays in DALI2
following proton knockout reactions, tracking outgoing protons in the MINOS TPC to
reconstruct the reaction vertex position, and the identification of the reaction residue of
interest in the ZeroDegree spectrometer. In this chapter these processes will be further
detailed as well as a reference measurement to benchmark the analysis procedure.
4.1 Particle Identification
Sec. 3.2 introduced the BigRIPS and ZeroDegree spectrometers, their respective beam-line
detectors, and the utilised beam selection and identification techniques. The following will
elaborate how these experimental techniques are put into practice to obtain the event-by-
event particle identification necessary for reaction channel selection.
4.1.1 BigRIPS Identification
Secondary beams are identified in the F3–F7 section of the BigRIPS spectrometer using
the Bρ–∆E–TOF method described in Sec. 3.2.2. Applying the technique to BigRIPS we
obtain the following equations [63]:
(
A
Q
)
35
=
Bρ35
β35γ35uc
(4.1)(
A
Q
)
57
=
Bρ57
β57γ57uc
(4.2)
Z = C1β57c
√√√√ ∆E[
ln
(
2mec2
I β
2
57
)
− ln (1− β257)− β257] + C2 (4.3)
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TOF =
L35
β35c
+
L57
β57c
(4.4)
where the subscripts 35 and 57 refer to the quantity in the F3–F5 and F5–F7 sections of
BigRIPS, respectively. C1 and C2 are parameters that are empirically determined according
to the Z identification made by the isomer tagging method [63, 64].
Beam trajectory reconstruction [65–67] is performed in the F3–F5 and F5–F7 stages
of BigRIPS. The PPAC measurements of the beam position and angle at the F3, F5, and
F7 focal planes allow such a reconstruction to be performed. Combining the reconstructed
radius of curvature, ρ, with the known magnetic field at the dipoles yields the magnetic
rigidity, Bρ. Provided the A/Q value is unchanged at the F5 degrader, i.e. no change in
charge state, (A/Q)35 = (A/Q)57 and Equations 4.1 and 4.2 combine to give [63]:
β35γ35
β35γ35
=
Bρ35
Bρ57
(4.5)
Thus, the beam velocity before (β35) and after (β57) the F5 degrader can be obtained
using Equations 4.4 and 4.5. The TOF for Eq. 4.4 is measured using the plastic scintillators
at F3 and F7. Using the calculated velocities the beam ions can be identified by A/Q and
Z via Equations 4.1, 4.2, and 4.3.
The A/Q and Z identification for BigRIPS is calibrated by the BigRIPS team, who
performed the previously mentioned isomer tagging. The parameters provided by the
BigRIPS team are automatically implemented, and almost no correction is necessary for the
analysis. However, the A/Q separation was marginally improved in the analysis following
the same method detailed for ZeroDegree in Sec. 4.1.2. The BigRIPS particle identification
(PID) plots before and after this optical correction are shown in Fig. 4.1.
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(a)
(b)
Figure 4.1: BigRIPS particle identification (PID) plots before (A) and after (B) cor-
rections. During the SEASTAR 2015 campaign BigRIPS was centred on 85Ga (Z = 31
and A/Q = 2.742) for the spectroscopy of 84Zn (Z = 30 and A/Q = 2.800). The A/Q
corrections applied are detailed in Sec. 4.1.2. Tails are visible on the highest intensity
beams due to pile-up in the gas ionisation chamber.
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(a)
(b)
Figure 4.2: ZeroDegree particle identification (PID) plots before (A) and after (B)
corrections. During the SEASTAR 2015 campaign ZeroDegree was centred on 84Zn
(Z = 30 and A/Q = 2.800). The Z and A/Q corrections and background removal
used is described in Sec. 4.1.2.
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(a) BigRIPS PID
(b) ZeroDegree PID
Figure 4.3: Particle identification (PID) plots for BigRIPS (A) and ZeroDegree (B) for
one run in the 79Cu setting in SEASTAR 2014. The 79Cu setting was used primarily
for the spectroscopy of 78Ni. In this work 81Zn was measured in the 82Ga(p, 2p)81Zn
reaction. PID corrections in this setting were performed by L. Olivier (IN2P3-CNRS).
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4.1.2 ZeroDegree Identification
The knockout residues are identified in the ZeroDegree spectrometer following their produc-
tion in the MINOS target at F8. The same identification method described in Sec. 4.1.1
is applied to the F9–F11 section of ZeroDegree. The initial PID for ZeroDegree in the
SEASTAR 2015 campaign is shown in Fig. 4.2. Comparing the raw PID plots in Figures 4.1
and 4.2, it is clear ZeroDegree requires further corrections than BigRIPS to improve the
separation of nuclei.
Z Correction
Isotopic chains in the raw ZeroDegree PID exhibited a slight slope, due to a dependence
in beam velocity, β. In principle the Z deduced from the Bethe-Bloch formula (Eq. 3.4
should not exhibit a dependence with β. Z is obtained from the energy loss, ∆E, in the
F11 gas ionisation chamber using Eq. 4.3, a rearrangement of the Bethe-Bloch formula.
The energy loss, ∆E, in the IC is calibrated using the following formula (cf. Eq. 4.6):
∆E = A1
[
6∏
i=0
(dEi +Aped)
] 1
6
+A2 (4.6)
where dEi is the signal from the ith anode and A1, A2, and Aped are the gain, offset,
and pedestal calibration parameters, respectively. To correct for the β dependence the
offset calibration parameter, A2, for the F11 ionisation chamber (IC) can be empirically
adjusted. Subsequently, the calibrated and corrected ∆E can be used in Equation 4.3 to
obtain Z by adjusting the gain and offset parameters C1 and C2, respectively.
Alternatively, the β dependence or slew in Z can be artificially corrected and calibrated
empirically in a single process; this method was carried out within this work. The benefit of
this method is that it can be completed very quickly while still collecting data, and yields a
sufficient Z separation comparable to the two step calibration. The method was expedited
by good existing calibration parameters. Plotting Z with respect to β in ZeroDegree we
obtain Fig. 4.4. We corrected the Z with:
Znew = k1 [Z + kslew (β − βavg)] + k2 (4.7)
Chapter 4. Data Analysis 49
where βavg is the average beam velocity of all ions, kslew is the parameter which corrects
the β dependence, and k1 and k2 are the gain and offset parameters, respectively, to
calibrate Z. The kslew parameter controls the degree of rotation of the Z versus β plot
(Fig. 4.4) about β = βavg. In practice, kslew was iteratively adjusted (while k1 = 1 and
k2 = 0) until the β dependence in Z has been removed. Following the slew correction, the
Z separation was improved and the calibration parameters k1 and k2 were calculated and
applied in Eq. 4.7.
(a)
(b)
Figure 4.4: Z versus β for ZeroDegree before (A) and after (B) the slew correction
and calibration of Z. The correction and calibration applied is given by Eq. 4.7.
A/Q Correction
The ZeroDegree PID (seen in Fig. 4.2) required further optimisation in order to improve
the A/Q separation. Better separation would allow more reliable and accurate selection of
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the reaction channel of interest. The correction method used in this work is described in
Ref. [63]. The poor initial resolution is due to a slew in the position and angle measurements
at the PPACs. The slew was corrected for in this work using:
(
A
Q
)
new
=
A
Q
+ kF9X × F9X + kF9X2 × F9X2 + . . .
+ kF9A × F9A+ kF9A2 × F9A2 + . . .
+ kF11X × F11X + kF11X2 × F11X2 + . . .
+ kF11A × F11A+ kF11A2 × F11A2 + . . .
(4.8)
where (A/Q)new is the corrected mass-to-charge ratio, F9X and F9A are the horizontal
position and angle, respectively, measured by the F9 PPACs, F11X and F11A are the
horizontal position and angle, respectively, measured by the F11 PPACs, and ki are the
empirically determined slew correction parameter for the respective focal plane position of
angle. In practice, Eq. 4.8 does not need to go beyond the second order terms to provide a
sufficient improvement in A/Q separation. In new isotope studies carried out at the RIBF
further A/Q corrections are necessary, beyond second order terms.
(a) (b)
(c) (d)
Figure 4.5: The angle (F9A) and x position (F9X) at F9 in ZeroDegree with respect
to A/Q gated on gallium isotopes (Z = 31). F9A versus A/Q before any corrections
(A) and after a first and second order F9A correction (B). F9X versus A/Q with F9A
corrections (C) and with F9A and F9X first and second order corrections (D).
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The optimisation provided by Eq. 4.8 was performed by looking at the region of interest.
In the SEASTAR 2015 campaign the corrections were developed by focussing on the gallium
isotopes, specifically 85Ga with A/Q = 2.742. This was done as the zinc isotopes of
interest had low statistics in comparison to their gallium neighbours. We began by plotting
the A/Q with respect to the angle at F9, F9A, shown in Fig 4.5a. A linear correction
was obtained from an iterative search and applied: (A/Q)new = A/Q − 0.0006 × F9A.
In the case of F9A a following second order correction was needed and applied, giving:
(A/Q)new = A/Q−0.0006×F9A−0.00005×F9A2. Fig. 4.5b shows the result of the F9A
corrections. Including the corrections so far, A/Q with respect to the x position at F9,
F9X, was plotted (Fig. 4.5c) and the same procedure was carried out giving: (A/Q)new =
A/Q−0.0006×F9A−0.00005×F9A2 +0.00004×F9X+3×10−7×F9X2. The addition
of F9X corrections to the existing F9A corrections yields the plot seen in Fig. 4.5d. The
iterative process was then continued for F11A and F11X. Following Ref. [63], background
events such as charge states were also removed by cutting inconsistent events in the F8 and
F11 plastic scintillators. The charge states are predominantly in the nuclei with Z > 31.
For example, only ∼0.01% of the 85Ga beam events are charge states. The final ZeroDegree
PID resulting from these corrections is shown in Fig 4.1b.
4.1.3 PID Resolution
In BigRIPS a Z resolution for galium isotopes of σ(Z) = 0.58%, and an A/Q resolution for
85Ga of σ(A/Q) = 0.08% was achieved in the SEASTAR 2015 campaign. In ZeroDegree
a Z resolution for the zinc isotopes of σ(Z) = 0.50%, and an A/Q resolution for 84Zn of
σ(A/Q) = 0.14% was achieved in the same campaign.
4.1.4 PPAC Efficiency
The efficiency of the PPACs was monitored throughout the experiment, Tab. 4.1 gives the
efficiencies for a typical physics run in the 85Ga setting. The efficiency, PPAC, is calculated
using:
PPAC =
N (PPAC)
N (Beam Trigger)
× 100% (4.9)
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whereN (PPAC) is the number of events in the respective PPAC, andN (Beam Trigger)
is the total number of events in the beam trigger. All of the PPACs had an efficiency greater
than 80%, however, the majority were above 95% efficient.
Table 4.1: The efficiencies of the PPACs (PPAC) in BigRIPS and ZeroDegree for a
physics run in the SEASTAR 2015 campaign. The efficiencies are separately calcu-
lated for horizontal, X, and vertical, Y, measurements.
PPAC PPAC (%) PPAC PPAC (%) PPAC PPAC (%)
B
ig
R
IP
S
F3 1A X 89.4 F5 1A X 87.5 F7 1A X 97.5
F3 1A Y 91.5 F5 1A Y 91.9 F7 1A Y 96.1
F3 1B X 82.5 F5 1B X 97.5 F7 1B X 96.8
F3 1B Y 93.0 F5 1B Y 98.9 F7 1B Y 97.9
F3 2A X 80.0 F5 2A X 96.8 F7 2A X 96.3
F3 2A Y 88.9 F5 2A Y 97.9 F7 2A Y 96.3
F3 2B X 89.9 F5 2B X 97.6 F7 2B X 98.3
F3 2B Y 94.8 F5 2B Y 98.0 F7 2B Y 98.1
Ze
ro
D
eg
re
e
F8 1A X 99.7 F9 1A X 95.8 F11 1A X 99.2
F8 1A Y 99.2 F9 1A Y 95.7 F11 1A Y 99.5
F8 1B X 99.2 F9 1B X 93.8 F11 1B X 92.5
F8 1B Y 99.0 F9 1B Y 93.5 F11 1B Y 96.8
F8 2A X 99.5 F9 2A X 98.1 F11 2A X 88.4
F8 2A Y 99.2 F9 2A Y 98.1 F11 2A Y 85.8
F8 2B X 98.4 F9 2B X 92.3 F11 2B X 98.7
F8 2B Y 98.2 F9 2B Y 98.7 F11 2B Y 99.7
4.2 DALI2
4.2.1 Energy Calibration
The calibrations were performed with three γ-ray sources: 60Co, 88Y, and 137Cs. The 60Co
has γ-ray transitions at 1173.23 keV and 1332.49 keV, 88Y has transitions at 898.04 keV
and 1836.06 keV, and 137Cs has a transition at 661.66 keV [16]. In the SEASTAR 2015
campaign calibration runs for DALI2 were performed before and after the 85Ga setting
(∼24 hour apart). The calibration run for each source was ∼30 min in duration, to ensure
a reasonable level of statistics. As the LH2 target is enclosed by a beam pipe and held at
vacuum, the sources were placed at the end of the beam pipe exit window during calibration
runs.
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Figure 4.6: The energy difference between measured and tabulated energy transitions
for the γ-ray sources is shown for all 180 DALI2 crystals used in the analysis. The
result of a four-point calibration (left) is compared to that of a five-point calibration
(right). The four-point calibration excludes the 1836.06 keV 88Y transition. For each
plot the calibration made with the source runs before (red) and after (blue) the 85Ga
setting are shown.
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NaI(Tl) scintillators are known to exhibit non-linear behaviour below energies of∼400 keV
[52]. In the spectroscopy of 81−84Zn transitions of 500 keV or higher are expected from the
systematics. Therefore, a linear extrapolation was made below the lowest calibration point
of 661.66 keV from 137Cs. However, in the spectroscopy of 110Zr (performed by N. Paul
from CEA Saclay), where transitions are expected around 200–300 keV, an additional γ-
ray source of 133Ba was used. 133Ba has a transition at 356.01 keV, allowing a quadratic
calibration to be performed in combination with the previously mentioned sources.
As explained in Sec. 3.3.1 the high voltage of the DALI2 detectors were adjusted such
that they all had an energy range of ∼8 MeV. The energy range of the detectors is repre-
sented by 4096 channels in the ADC module. The raw ADC channels are proportional to
the energy, and to obtain this relationship for each detector the calibration is performed.
From the source runs the five transitions are each fitted in the raw ADC spectra with a
gaussian on an exponential background. A linear function was fitted to obtain the gain
and offset necessary for the calibration of channels to energy in keV. The calibration was
checked by obtaining the energy difference between the measured and tabulated energy of
the transitions for each DALI2 detector, shown in Fig. 4.6.
Fig. 4.6 compares these energy differences for the five-point calibration (calibration
discussed so far) to a four-point calibration. The four-point calibration excludes the
1836.06 keV transition in 88Y when obtaining the calibration parameters. The four-point
calibration yields a more accurate calibration for 600–1300 keV transitions, while giving a
poor calibration at ∼1800 keV. The five-point calibration gives the reverse situation: a poor
calibration for 600–1300 keV transitions and a more accurate calibration at ∼1800 keV. As
the transitions of interest are expected in the 500–1000 keV range the four-point calibra-
tion was adopted in this analysis. A quadratic five-point calibration was also investigated
however this yielded a less accurate calibration below 1000 keV and a better calibration
above 1000 keV in comparison to the linear four-point calibration. As the non-linearity of
the NaI(Tl) scintillators dominates below energies of ∼400 keV, a 133Ba source run would
be required for an accurate quadratic calibration.
DALI2 is in close proximity to downstream quadrupole magnets in ZeroDegree. The
DALI2 detectors are sensitive to the residual magnet field generated by the magnets.
Therefore, different calibration parameters are required for each of the different settings
during the SEASTAR experiments. As a consequence the source runs were conducted
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with the magnets in BigRIPS and ZeroDegree turned on and set to the same magnetic
field used in the setting. Using the calibration runs before and after the 85Ga setting, the
gain stability of the DALI2 detectors was investigated. The gain shift (or drift), ∆g was
obtained by observing the change in ADC channel that corresponds to 1000 keV using the
following equation:
∆g =
ADCafter −ADCbefore
ADCbefore
× 100% (4.10)
where ADCi is the ADC channel corresponding to 1000 keV in the respective source
runs. Fig. 4.7 shows the gain shift after the ∼24 hour 85Ga setting for each DALI2 detector.
The majority of the detectors experience a gain shift within a few percent. However,
detectors 49, 60 and 68 experienced a large gain shift of 8–15% and were removed from
the analysis. The removal of these detectors allowed a single energy calibration to be used
for the entire 85Ga setting. Detector 42 was also removed as it experienced intermittent
problems with pileup during the setting. Finally, detector 5 was not present in the DALI2
setup and detector 168 was not working. Therefore, the analysis was conducted using 180
DALI2 detectors out of the standard 186. Using the 180 DALI2 detectors and the four-
point calibration we obtained the calibrations shown in Fig. 4.8 for the γ-ray source runs
before the 85Ga setting.
Figure 4.7: The gain shift of the DALI2 detectors calculated using Eq. 4.10. The
gain shift is calculated by the change in ADC channel that corresponds to 1000 keV
from before and after the 85Ga setting (∼24 hour period). Detectors 49, 60, and 68
experienced a large gain shift of 8–15%.
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(a) 60Co source (b) 60Co source calibrated
(c) 88Y source (d) 88Y source calibrated
(e) 137Cs source (f) 137Cs source calibrated
Figure 4.8: Energy spectra of the γ-ray source runs before the 85Ga setting for each
of the 186 DALI2 detectors. The plots on the left show the raw ADC channel, and
those on the right show the calibrated energy in keV. Note that detector 5 is missing,
detector 168 is broken, and 42, 49, 60, and 68 are removed from the analysis.
4.2.2 Efficiency
The DALI2 efficiency is obtained using Geant4 simulations for two main reasons: due
to the difficulty in placing a source at the target position (mentioned in Sec. 4.2.1) and
more importantly the beam velocity during the experiments was non-zero, i.e. β 6= 0.
These Geant4 simulations were benchmarked by C. Santamaria (CEA Saclay) [56] on a
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calibration run in the SEASTAR 2014 campaign. It was found that at β = 0 the simulated
efficiency of DALI2 for the 661.66 keV transition in 137Cs was 25% without addback. The
25% simulated efficiency compares to a measured efficiency of 23(1)% for DALI2. The small
discrepancy was attributed to indetermination in the target position by a few millimetres
and uncertainties in efficiency fit.
4.3 MINOS
4.3.1 Drift Velocity
The drift velocity, vdrift, of electrons in the TPC is affected by impurities in the TPC gas,
such as H2O and O2. The impurities in the TPC gas vary throughout the experiment as
the TPC is not fully air tight. As the drift velocity is vital to the z position determination
in Eq. 4.11, it was important to obtain the drift velocity run-by-run (each run was ∼1 hour
long).
Figure 4.9: The trigger times measured by the MINOS TPC during one physics run
in the 85Ga setting. tmin corresponds to the start of the TPC (Micromegas plane)
and is obtained from the peak of the initial increase in counts. tmax corresponds to
the end of the TPC (cathode), and is obtained as halfway down the decreasing slope.
Indicated are the exponential (expo), linear (pol1), and constant (pol0) fits used to
determine the halfway point of the slope.
Using Eq. 3.11 to obtain the trigger time, tpad, of the electron signals we can plot
Fig. 4.9. Electrons closer to the Micromegas plane will have a short distance to drift and
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therefore have the lowest trigger time. Electrons closer to the cathode plane at the other
end of the TPC will have to drift across the entire TPC length of 300 mm, thus will have
the highest trigger times. From the distribution of trigger times in Fig. 4.9 we can obtain
the lowest time at which electrons are triggering, tmin, as well as the highest time, tmax.
The difference between tmin and tmax corresponds to time taken for an electron to drift
the 300 mm length of the TPC.
The minimum trigger time tmin does not depend on the drift velocity, but instead is
entirely due to the RIBF DAQ trigger and the delay time applied to the MINOS electronics.
As these components will not vary throughout the experiment a common tmin value is
obtained for all the physics runs. In Fig. 4.9 there is an initial rapid increase in counts
from the constant background, tmin is taken at the top of this slope. On the other hand,
tmax corresponds to the drift velocity and needed to be measured run-by-run as the drift
velocity varies. As can be seen in Fig. 4.9 there is a linear decrease at the end of the
structure back to the background level that corresponds to the end of the TPC with the
mid-point of this slope taken as tmax (cf. Fermi function). To get the mid-point the
beginning and end of the linear (pol1) decrease were found using the intercepts with the
exponential (expo) structure and the constant (pol0) background. These functions were
fitted to the trigger time plot for each run, thereby obtaining a unique tmax value per run.
The drift velocity vdrift of each run was calculated using the following rearrangement of
Eq. 4.11:
vdrift =
LTPC
(tmax − tmin) (4.11)
where LTPC = 300 mm is the length of the TPC. The Micromegas plane is the origin
zpad = 0 mm in the beam axis and the cathode plane at the end of the TPC is at zpad =
300 mm.
To test the calibration of the TPC the reaction vertex was reconstructed using the
tracking algorithm described in Sec. 4.3.2 for the high statistics 87As(p, 2p)86Ge reaction.
From the vertex position distribution in Fig. 4.10 the target length can be extracted, in
a similar manner to how tmax was obtained. Three linear fits were made to the increase
at the start of the target, the top of the structure, and the decrease at the end of the
target. The reconstructed target length is measured between the mid-points of the linear
increase (start of target) and the linear fall-off (end of target) in the vertex distribution.
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This procedure was performed run-by-run to obtain the target length across the setting.
Fig. 4.11 shows the evolution of the drift velocity and target length with time throughout
the 85Ga setting.
Figure 4.10: Reconstructed vertex position along the beam axis (z) for the high
statistics 87As(p, 2p)86Ge reaction. The length of the LH2 target is measured between
the mid-points of the linear increase and decrease. Note that the vertex position is
offset such that the start of the target is at 0 mm before performing the analysis.
Figure 4.11: Drift velocity (red) of electrons in the MINOS TPC and the resulting
reconstructed LH2 target length (blue) across the 85Ga setting in the SEASTAR 2015
campaign.
A target length of 99(1) mm was found for the SEASTAR 2015 campaign, compared
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to the 102(1) mm found for the SEASTAR 2014 campaign. The small difference in target
lengths between the two campaigns is explained by the difference in internal pressure
explained in Sec. 3.3.2.
4.3.2 Tracking Algorithm
In this section the MINOS TPC tracking algorithm will be described very briefly. The
development of the complex tracking algorithm formed a large portion of the PhD thesis
of C. Santamaria (CEA Saclay) and more details of the algorithm are in Ref. [56].
Figure 4.12: General scheme of the MINOS tracking algorithm used in the analysis.
Further details of the algorithm can be found in Ref. [56]. Image source: [56]
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Described in Sec. 3.3.2 was how the (x, y) coordinates along proton tracks in the TPC
are obtained by the Micromegas pads at the anode detection plane. The (x, y) coordinates
of electrons in the TPC from an event are parametrised using a 2D Hough transform [68].
Hough transforms are commonly used in pattern recognitions, such as in the detection
of straight lines [69]. In this case the Hough transform obtains the straight line in the
(x, y) plane that connects multiple points along the proton track. Additionally, the charge
signal q(t) in the Micromegas pad can be used to obtain the z coordinate information
of the track. The (x, y, z) information is then passed through a 3D Hough transform to
filter through the tracks and obtain a 3D image of the proton track. Finally, in a (p, 2p)
reaction the parameters of the two proton tracks are fitted to obtain the reaction vertex.
As two straight lines in three dimensions are very unlikely to intersect, the mid-point of
the minimal distance between the tracks is taken as the reaction vertex. A general scheme
of the algorithm is shown in Fig. 4.12.
Figure 4.13: Differences between the x and y positions of the reconstructed reaction
vertex position and the beam position in the F8 PPAC. Shown are events from one run
of the 87As(p, 2p)86Ge reaction where two proton tracks are recorded in the MINOS
TPC.
Due to the geometry of MINOS it is possible for only one proton track to be detected,
as the second may be at very forward focussed angles. In this case, beam tracking is used
to provide a second track necessary to reconstruct a vertex position. The beam tracking
is provided by the F8 PPAC which is directly before the SEASTAR setup in the beam
line. The F8 PPAC consists of two PPACs and can therefore measure the position and
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direction of the beam. However, in the SEASTAR 2014 campaign a DSSSD was placed
upstream of the LH2 target, even closer than the PPAC (see Fig. 3.11). Therefore, when
the DSSSD was in the setup the beam tracking was provided by one of the PPACs at
F8 and the DSSSD. The tracking provided by the PPAC and DSSSD will result in more
accurate track reconstruction as the DSSSD is considerably closer to the LH2 target [29].
As the distances along the z axis between the PPACs, DSSSD, and MINOS are mea-
sured and known, only the x and y positions need to be correlated between the three. To
do this the PPAC and DSSSD positions are adjusted to align with the TPC. The align-
ment was made using the high statistics 87As(p, 2p)86Ge reaction. The x and y position
differences between the PPAC beam position and TPC reconstructed vertex were plotted,
see Fig. 4.13. Fig. 4.13 was made with the condition that there were two proton tracks in
the TPC. The centre of the distribution was moved to the origin by applying offsets to the
PPAC position. For the SEASTAR 2014 campaign the DSSSD offsets were obtained using
the same method, comparing the beam position in the PPAC to that in the DSSSD. The
PPAC and DSSSD offsets obtained and used in the analysis are listed in Tab. 4.2.
Table 4.2: Offsets applied to the F8 PPAC and DSSSD in the analysis of the
SEASTAR 2014 and 2015 campaigns. Note that the DSSSD was not present in
the setup for the 2015 campaign.
Detector Axis
Offset (mm)
SEASTAR 2014 SEASTAR 2015
F8 PPAC
xoffset −2 −4
yoffset +1 +3
DSSSD
xoffset +5 –
yoffset +3 –
4.3.3 Doppler Correction and Addback
The reconstructed vertex information is subsequently used in the analysis to provide a
more accurate Doppler correction of γ ray energies in DALI2. The nuclei being produced
in the experiments are travelling at relativistic energies, therefore the γ-rays emitted by
the nuclei will be Doppler shifted. The Doppler shifted energy is dependent on the angle,
which is itself depended on the reconstructed vertex position. The Doppler corrected γ-ray
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energy, EDopp, can be calculated using:
EDopp = Eγ
1− βvertex cos θ√
1− β2vertex
(4.12)
where Eγ is the detected γ-ray energy in the lab frame, β is the beam velocity at the
vertex position, and θ is the angle of emission relative to the beam axis (z). The angle is
calculated event-by-event between the reaction vertex and the DALI2 crystal hit by the γ
ray.
The beam velocity measurement in BigRIPS corresponds to the velocity of nuclei di-
rectly after the F5 degrader. However, between the F5 degrader and the MINOS LH2
target there are a number of materials which will cause energy loss of the beam, such as
beam line detectors, air gaps, and vacuum windows. Similarly, the ZeroDegree velocity
measurements corresponds to the velocity after the F8 STQ vacuum window. Therefore,
LISE++ simulations are used to calculate the energy loss through the materials resulting
in a beam velocity before and after the target. The calculated beam velocities are veri-
fied using Geant4 simulations. The beam velocity at the vertex position, βvertex is then
calculated for each event using:
βvertex = βbefore − zvertex
Ltarget
(βbefore − βafter) (4.13)
where zvertex is the reconstructed vertex position along the beam axis (zvertex ranges
from 0 mm at the start of the target to Ltarget mm at the end of the target), Ltarget is
the length of the LH2 target along the beam axis, βbefore is the beam velocity before the
target, and βafter is the beam velocity after the target. Note that βbefore is the measured
BigRIPS beam velocity distribution shifted such that the mean value equals the LISE++
calculated value. Likewise, βafter is the measured ZeroDegree beam velocity distribution
shifted such that the mean value equals the LISE++ calculated value. Before Eq. 4.13 is
used an offset is applied to the zvertex measured by the TPC. The offset calibrates zvertex
such that zvertex = 0 at the start of the target and is determined from the left edge of
Fig. 4.10. The LH2 offset was determined to be 7(1) mm in the SEASTAR 2015 campaign
and 10(1) mm in the SEASTAR 2014 campaign.
To correct for γ rays which Compton scatter in the DALI2 crystals an addback routine
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is used in the analysis. In a Compton scattering event the γ ray will deposit some of
its energy in a DALI2 crystal before scattering and depositing its remaining energy in
another DALI2 crystal. To recover the full γ-ray energy an addback routine is applied in
the analysis which combines the energy in these related scattering events. To determine
which events the addback routine is applied on we exercise an upper limit on the distance
between the mean interaction point of γ rays. A maximum distance of 15 cm was used
in the analysis. The mean interaction points of each DALI2 crystal was determined using
a Geant4 simulation of DALI2. The output of the simulation is a table for each DALI2
crystal listing the crystals within the maximum addback distance.
4.4 Analysis Tests with 87As(p, 2p)86Ge
In order to test the analysis procedures we use a high statistics (p, 2p) reaction as a reference
measurement. In the 85Ga setting of the SEASTAR 2015 campaign the following reference
measurements were made with the 87As(p, 2p)86Ge reaction.
4.4.1 Angle and Vertex Dependence
For the calculation of the angle for Doppler correction the reconstructed vertex position,
zvertex, is offset such that the origin is at the centre of the target. The offset, zoffset, also
includes a small fine tuning of the Doppler correction performed by looking at the angle and
vertex dependence with a known short-lived transition in the data. A short-lived transition
is chosen as a lifetime of a few tens of picoseconds will result in a shifted reaction vertex.
The analysis is performed for a range of zoffset values around half the target length. The
transition energy at forward and backward angles is compared by taking their difference.
The peak energy comparison is also performed for zvertex values at the start and end of
the target. The final zoffset chosen for the analysis is the value which gives the smallest
angle and vertex dependence on the peak energy.
In the SEASTAR 2014 campaign a zoffset = −58 mm was obtained via the joint
analysis of the 4+1 → 2+1 transition in 68Fe and the 2+1 → 0+g.s. transition in 74Ni performed
by C. Santamaria (CEA Saclay) and C. Louchart (TU Darmstadt) [56]. In the SEASTAR
2015 campaign a zoffset = −49 mm was obtained via the analysis of the 2+1 → 0+g.s. and
4+1 → 2+1 transitions in 94Kr performed by S. Chen (RIKEN) [70]. Note that the zoffset
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Figure 4.14: Doppler corrected energy spectra obtained by each DALI2 detector in
the 87As(p, 2p)86Ge high statistics reference reaction. Detectors numbered below 66
are at backward angles, and detectors numbered above 66 are at forward angles in
the centre of mass frame.
(a) Without MINOS (b) With MINOS
Figure 4.15: Doppler corrected energy plotted against the reconstructed vertex posi-
tion, zvertex, along the beam axis. The Doppler correction is compared without (A)
and with (B) the MINOS reconstructed vertex information. The data shown were
obtained from the 87As(p, 2p)86Ge high statistics reference reaction.
determination was attempted by the author in the 85Ga setting for the 2+1 → 0+g.s. in 86Ge
and yielded an optimum zoffset = −46 mm. However, the lifetime of the transition in 86Ge
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is unknown and believed to be ∼50 ps from systematics in the region. No known short-lived
transitions were observed in the 85Ga setting and so the zoffset = −49 mm was adopted
across all settings in the 2015 campaign. Using the optimised zoffset = −49 mm in the
analysis of the 87As(p, 2p)86Ge reference reaction gives the angle and vertex dependences
shown in Fig. 4.14 and 4.15, respectively.
4.4.2 Energy Spectrum
The known 2+1 → 0+g.s. transition at 527(7) keV [71] in 86Ge provides the best reference
measurement possible in the 85Ga setting of the SEASTAR 2015 campaign. The 2+1 → 0+g.s.
transitions in 82,84Zn are expected to be around 500–600 keV from the systematics, thus
the 527 keV transition in 86Ge will provide a suitable test of the analysis.
Figure 4.16: Doppler corrected energy spectrum of 86Ge obtained in the
87As(p, 2p)86Ge reaction. The spectrum shown includes addback and is restricted
to γ-ray multiplicities Mγ ≤ 4.
The energy spectrum obtained for 86Ge is shown in Fig. 4.16. The 2+1 → 0+g.s. is
visible, as are additional transitions which are currently under analysis by M. Lettmann
(TU Darmstadt). The 2+1 → 0+g.s. peak is measured at 512(2) keV when fitted with a
gaussian on an exponential background. The transition is observed at a lower energy
possibly due to half-life of the 2+1 state in
86Ge, which is not known, but is expected to
be t1/2 ∼ 50 ps from systematics in the region. A beam velocity of β = 0.6 for a state of
t1/2 = 50 ps corresponds to ∼9 mm distance travelled in the target. The significant shift
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in position caused by the half-life of the state will result in an offset Doppler corrected
energy. Assuming a 50 ps half-life for the 2+1 state in
86Ge the 527 keV transition Geant4
simulations give a transition energy offset by 13 keV, inline with the observed 512(2) keV.
Accounting for t1/2 = 50 ps the 2+1 → 0+g.s. transition is measured at 525(9) keV in good
agreement with the previously reported energy. The details of the energy spectrum fitting
and simulations are explained further in Sec. 5.1.
It should be noted that within this work the γ-ray multiplicity,Mγ , refers to the number
of γ-ray hits in the detectors in a single event. For example, a cascade of two transitions
within a single nucleus would have Mγ = 2.
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Results
The experimental results will be presented in this chapter. The energy spectra from the
in-beam γ-ray spectroscopy of 81,82,83,84Zn in the first (2014) and second (2015) SEASTAR
campaigns will be shown. 81Zn was measured in the 2014 campaign as by-product in the
79Cu setting primarily for the spectroscopy of 78Ni. 82,83,84Zn were measured in the 2015
campaign in the 85Ga setting dedicated to the spectroscopy of 82,84Zn.
5.1 Fitting Details
Figure 5.1: Geant4 simulated DALI2 response function for a 600 keV transition in
the 83Ga(p, 2p)82Zn reaction. The effect of varying the half-life of the γ-ray emitting
state in 82Zn is shown.
As observed in the 86Ge reference measurement in Sec. 4.4.2 the half-life of γ-ray
emitting states will cause a shift in the energy observed in the DALI2 energy spectrum.
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The shift in energy is due to the nucleus changing position while still decaying from the
γ-ray emitting state. The reconstructed vertex position and velocity at the vertex are used
for the Doppler correction, therefore any change in position will result in a poor Doppler
correction giving a transition shifted lower in energy. Additionally, as the half-life of the
state is increased the width of the peak will increase and deform on the lower energy
side. Shown in Figure 5.1 is a Geant4 simulation demonstrating this shift for a 600 keV
transition in 82Zn as the half-life of the state is varied.
The DALI2 response function for transitions in the analysis are simulated in Geant4
with a given half-life. Each transition is simulated for a range of half-lives such that the
centroid energy (after the energy shift) matches the energy measured in the experimental
DALI2 energy spectrum. The energy spectrum is fitted with a function consisting of
simulated DALI2 response functions and two exponential functions for the low and high
energy background. The fit is performed multiple times, once for each response function
in the half-life range. The response function which returns the best fit to the data gives
an indication of the half-life of the γ-ray emitting state, thereby inferring the transition
energy. The half-life uncertainty obtained using this method is considerable, therefore
the associated energy uncertainty is added in quadrature to the energy calibration and
statistical uncertainties to obtain the energy uncertainty for each transition discussed.
5.2 Reaction Statistics
Table 5.1: Summary of the particle-γ coincidences observed for the Zn nuclei of inter-
est. Particle-γ events were selected using the F7×F11×γ trigger (see Section 3.3.3).
Particle-γ coincidences below 100 events are not listed. The setting in which the
reactions were observed is indicated.
ZeroDegree
Residue
BigRIPS Secondary Beam
86Ge † 85Ge † 85Ga † 84Ga † 83Ga † 82Ga ∗
84Zn 127 – 134 – – –
83Zn 464 181 325 268 – –
82Zn 1830 1290 556 2103 306 –
81Zn 2559 3267 386 1860 881 5820
† 85Ga setting for 84Zn in SEASTAR 2015 campaign.
∗ 79Cu setting for 78Ni in SEASTAR 2014 campaign.
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The Zn nuclei of interest were populated through a number of different reactions.
The particle-γ coincidences in Table 5.1 were used to compare and determine appropriate
reaction channels to analyse. The particle-γ coincidences were obtained using gates on: the
incident beam in BigRIPS, the reaction product in ZeroDegree, and the trigger F7×F11×γ
(detailed in Section 3.3.3). The gates only selected events where an incident beam in
BigRIPS had a correlated reaction product in ZeroDegree and an associated γ-ray was
detected in DALI2. In Table 5.1 only the 82Ga secondary beam is from the SEASTAR
2014 campaign, while the rest are from the dedicated Zn setting in the 2015 campaign.
Each nuclear reaction populates a particular excited state in the final nucleus, which
then de-excites via γ-decay. The population ratio of an excited state can therefore be
inferred by comparing the total number of reactions to the number of observed γ-rays
depopulating said state. In order to calculate the population ratio the total number of
reactions needs to be known, i.e. including those where no γ rays were detected in DALI2.
The reaction statistics are shown in Appendix C for all reaction channels of interest.
Population ratios were obtained in this work by comparing the efficiency-corrected counts
of each observed transition to these total number of reactions that occurred in that channel.
5.3 81Zn Results
Figure 5.2: Doppler-corrected γ-ray spectrum of 81Zn populated in the
82Ga(p, 2p)81Zn reaction. All γ-ray multiplicities are shown.
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The β-decay half-life of 81Zn has been measured in recent studies [72, 73]. The study
by S. Padgett et al. also concluded that the 81Zn had a 5/2+ ground state based on
their observed branching ratio and the 81Ga ground-state configuration. The first γ-ray
spectroscopy of 81Zn has been performed within the SEASTAR project. 81Zn was primarily
produced in (p, 2p) reactions in the 79Cu setting of the SEASTAR 2014 campaign. The
82Ga(p, 2p)81Zn reaction channel was selected by making gates on 82Ga (Z = 31 and
A/Q = 2.645) in the BigRIPS PID (Figure 4.3a) and 81Zn (Z = 30 and A/Q = 2.700) in
the ZeroDegree PID (Figure 4.3b). The calibrations and corrections described in Chap. 4
are taken into account. The resulting γ-ray spectrum for 81Zn is shown in Figure 5.2
for all γ-ray multiplicities, Mγ . In Figure 5.2 a prominent transition was observed at
∼900 keV with indications of additional peaks. In order to reduce the atomic background
and increase the peak-to-background ratio the higher multiplicities were removed in the
energy spectrum. Figure 5.3 was obtained when γ-ray multiplicities were restricted to less
than or equal to two, i.e. events where only one or two γ-rays were detected. Two new
transitions were observed at 938(13) keV and 1235(17) keV.
Table 5.2: Summary of the population ratios of the 81Zn states seen in the
82Ga(p, 2p)81Zn reaction. The associated γ-ray transition depopulating the state is
indicated. The population ratios are a percentage of the total reactions in the (p, 2p)
reaction channel (see Appendix C).
Eγ (keV) Population (%)
938(13) 13(3)
1235(17) 6(2)
γ-γ coincidences for the transitions were investigated, the γ-γ coincidence matrix is
shown in Figure 5.4. The minimum γ-ray multiplicity of a γ-γ event is Mγ ≥ 2 as two
γ-rays need to be detected. Gates were made on each of the two transitions to observe
their coincident γ-rays, shown in Figure 5.5. Small indications of coincidences are observed
between the two transitions, which were not made any cleaner by limiting the γ-ray multi-
plicities. However, given the number of statistics in the singles spectra (Figure 5.2 and 5.3)
clearer coincidences would be expected. The argument is strengthened by the fact that
the γ-ray singles spectrum (Figure 5.3) is limited to Mγ ≤ 2, while the γ-γ coincidence
spectra (Figure 5.5) include all higher multiplicities. Therefore, the transitions are deemed
not to be coincident and the small number of coincidences seen are attributed to randomly
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coincident photons. Accordingly, the transitions will be assigned as populating the ground
state of 81Zn from states with an excitation energy of 938(13) keV and 1235(17) keV. Both
transitions were considered to depopulate states with a half-life of 20(20) ps, in agree-
ment with the width of the transitions and the fitting results. Table 5.3 summarises the
population ratios of 81Zn states that were observed in the (p, 2p) reaction channel. The
938(13) keV state is populated in 13(3)% of the (p, 2p) reactions, while the 1235(17) keV
state is weakly populated at 6(2)%.
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Figure 5.3: Doppler-corrected γ-ray spectrum of 81Zn populated in the
82Ga(p, 2p)81Zn reaction. The fit (black) is a combination of simulated response
functions for each transition (red) and two exponentials for low and high-energy back-
ground. γ-ray multiplicities, Mγ ≤ 2 are shown.
Figure 5.4: γ-γ coincidence matrix of 81Zn populated in the 82Ga(p, 2p)81Zn reaction.
γ-ray multiplicities, Mγ ≥ 2 are shown.
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(a) Gated on 938 keV
(b) Gated on 1235 keV
Figure 5.5: γ-γ coincidence spectra of 81Zn populated in the 82Ga(p, 2p)81Zn reaction.
Gates on the 938 keV (A) and 1235 keV (B) transitions are shown. γ-ray multiplicities,
Mγ , are indicated.
Chapter 5. Results 75
5.4 82Zn Results
The first spectroscopy of 82Zn was recently performed at the RIBF by Y. Shiga et al. in
Ref. [13] via the 9Be(X, 82Zn + γ) nucleon knockout reactions. Y. Shiga et al. reported
on a 621(11) keV transition which they assigned as the (2+1 ) → 0+g.s. transition in 82Zn.
In the SEASTAR project 82Zn was initially measured in 79Cu setting in the 2014 cam-
paign, however γ-ray spectroscopy was not possible as there were not sufficient events.
82Zn was at the limit of the neutron-rich nuclei being produced in that setting. In the
SEASTAR 2015 campaign the 85Ga setting was designated for the spectroscopy of both
82,84Zn. A much greater level of statistics were achieved for 82Zn in a number of different
reaction channels, shown in Section 5.2. The 84Ga(p, 2pn)82Zn reaction channel provided
the highest number of 82Zn statistics. Measurements of the (p, 2p) reaction channel were
also possible but at a lower level of statistics. The spectroscopy of 82Zn in this work
focuses on the 84Ga(p, 2pn)82Zn and 83Ga(p, 2p)82Zn reactions as they involve knockout
of the fewest nucleons. Knocking out multiple nucleons results in a larger population of
multi-particle states as well as the yrast, single-particle, states at the focus of this work.
Additionally, theoretical interpretations rapidly become more complex as more nucleons
are being knocked out of a nucleus.
The 84Ga(p, 2pn)82Zn reaction channel was selected by gating on 84Ga (Z = 31 and
A/Q = 2.710) in the BigRIPS PID (Figure 4.1b) and 82Zn (Z = 30 and A/Q = 2.733) in
the ZeroDegree PID (Figure 4.2b). The 82Zn spectrum obtained in this reaction is shown
in Figure 5.6 for all γ-ray multiplicities. A single clear structure is seen at a similar energy
to the 621(11) keV reported in Ref. [13], albeit with a deformed higher energy side. Sec. 5.1
mentioned that a peak deformed on the lower energy side is a typical signature of a γ-ray
emitting state with a long half-life (t1/2 > 100 ps). However, in this case the deformity is
on the higher energy side, suggesting the structure is composed of two transitions close in
energy. The two transitions were measured at 618(15) keV and 692(12) keV in this work.
Based on the relative intensity the 618(15) keV is assigned as the (2+1 ) → 0+g.s. transition,
in good agreement with the previous measurement. The new 692(12) keV transition is
assigned as the (4+1 )→ (2+1 ) transition.
γ-γ coincidences were investigated to confirm the transition placement, see Figure 5.7
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for the γ-γ matrix. A gate on the 692(12) keV transition is (shown in Figure 5.8b) demon-
strates the coincidence with the 618(15) keV transition. Additionally, the 692(12) keV
tranisition is observed to be coincident with a 970(20) keV transition. The coincidence
spectrum gated on 618(15) keV (seen in Figure 5.8a) is unclear, as it shows a wide struc-
ture that spans the energy of both the 618(15) keV and 692(12) keV transitions. The
self-coincidence of the 618(15) keV transition, seen in Figure 5.8a is likely due to random
coincidences of photons and coincidences with events in the Compton regions of both tran-
sitions. Another possibility is that there might be another transition at a similar energy.
The 83Ga(p, 2p)82Zn reaction channel was selected by gating on 83Ga (Z = 31 and
A/Q = 2.677) in the BigRIPS PID (Figure 4.1b) and 82Zn (Z = 30 and A/Q = 2.733)
in the ZeroDegree PID (Figure 4.2b). The 82Zn spectrum obtained in the (p, 2p) reaction
is shown in Figure 5.9 for all γ-ray multiplicities. The 618(15) keV and 692(12) keV
transitions observed in the (p, 2pn) reaction are also observed in the (p, 2p) reaction. A
new transition is observed at 369(17) keV which was not visible in the (p, 2pn) reaction.
For the fit of the spectrum and energy determination the following half-lives were assumed
for the γ-ray depopulating state: 40(40) ps for the 618 keV transition, 15(15) ps for the
692 keV transition, and 80(80) ps for the 369(17) keV transition.
The γ-γ coincidence matrix in Figure 5.10 shows the coincidence relationship of the
three transitions. Figure 5.11 further confirms that the 692(12) keV transition is coincident
with the 618(15) keV transition and vice versa. The 369(17) keV transition is seen in
coincidence with the 618(15) keV transition, but not with the 692(12) keV. Therefore the
369(17) keV transition is most likely the (0+2 , 2
+
2 )→ (2+1 ) transition.
The transition assignments made were investigated further by measuring the popula-
tion ratio of the associated states. Table 5.3 summarises the population ratios of 82Zn
states that were measured in five different reaction channels. These reaction channels in-
clude the (p, 2pn) and (p, 2p) channels discussed already, as well as other multi-nucleon
knockout channels. The 369(17) and 970(20) keV transitions were only observed in the
(p, 2p) reaction at population ratios of 20(4)% and 11(3)% respectively. Meanwhile, the
618(15) keV (2+1 ) → 0+g.s. and 692(12) keV (4+1 ) → (2+1 ) transitions were seen in all five
reaction channels. The (2+1 ) state had a population ratio of 20–30% in all reactions except
the (p, 2p) reaction where it was more strongly populated at 49(8)%. The (4+1 ) state was
populated at ∼10% in four of the channels, also experiencing a stronger population in the
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(p, 2p) reaction of 28(5)%. Comparing each reaction channel it is clear that the intensity
of the 618(15) keV is consistently, within uncertainties, double that of the 692(12) keV, in
agreement with their assignments.
Table 5.3: Summary of the population ratios of each 82Zn state seen in the strongest
reaction channels. The associated γ-ray transition depopulating the state is indicated.
The population ratios are a percentage of the total reactions in the respective reaction
channel (see Appendix C).
Eγ (keV)
Population (%)
(p, 2pn) (p, 2p) (p, 2p2n) (p, 3p2n) (p, 3pn)
369(17) – 20(4) – – –
618(15) 29(5) 49(8) 19(4) 24(4) 21(4)
692(12) 10(2) 28(5) 8(2) 11(3) 7(2)
970(20) – 11(3) – – –
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Figure 5.6: Doppler-corrected γ-ray spectrum of 82Zn populated in the
84Ga(p, 2pn)82Zn reaction. The fit (black) is a combination of simulated response
functions for each transition (red) and two exponentials for low and high-energy back-
ground. All γ-ray multiplicities are shown.
Figure 5.7: γ-γ coincidence matrix of 82Zn populated in the 84Ga(p, 2pn)82Zn reaction.
γ-ray multiplicities, Mγ ≥ 2 are shown.
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(a) Gated on 618 keV
(b) Gated on 692 keV
Figure 5.8: γ-γ coincidence spectra of 82Zn populated in the 84Ga(p, 2pn)82Zn re-
action. Gates on the 618 keV (A) and 692 keV (B) transitions are shown. γ-ray
multiplicities, Mγ , are indicated.
Chapter 5. Results 80
Figure 5.9: Doppler-corrected γ-ray spectrum of 82Zn populated in the
83Ga(p, 2p)82Zn reaction. The fit (black) is a combination of simulated response
functions for each transition (red) and two exponentials for low and high-energy back-
ground. All γ-ray multiplicities are shown.
Figure 5.10: γ-γ coincidence matrix of 82Zn populated in the 83Ga(p, 2p)82Zn reaction.
γ-ray multiplicities, Mγ ≥ 2 are shown.
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(a) Gated on 618 keV
(b) Gated on 692 keV
Figure 5.11: γ-γ coincidence spectra of 82Zn populated in the 83Ga(p, 2p)82Zn re-
action. Gates on the 618 keV (A) and 692 keV (B) transitions are shown. γ-ray
multiplicities, Mγ , are indicated.
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5.5 83Zn Results
83Zn has been investigated in recent studies [72, 74–76], where the β-decay half-life of the
nucleus was measured. In these studies 83Zn has been suggested to have a 5/2+ ground
state, from systematics and shell model calculations. The SEASTAR project in this work
has provided the first γ-ray spectroscopy measurements of 83Zn. 83Zn was produced by
a variety of multi-nucleon knockout reactions in the 85Ga setting of the SEASTAR 2015
campaign. The statistics obtained in the different reaction channels are summarised in
Section 5.2. The most promising reaction channel, 86Ge(p, 3pn)83Zn, was selected by gating
on 86Ge (Z = 32 and A/Q = 2.688) in the BigRIPS PID (Figure 4.1b) and 83Zn (Z = 30
and A/Q = 2.767) in the ZeroDegree PID (Figure 4.2b).
The γ-ray energy spectrum obtained from this reaction is shown in Figure 5.12 for all γ-
ray multiplicities. In comparison to the previous nuclei measured, the 83Zn spectrum is not
as clear due to the added complexity of (p, 3pn) reactions compared to (p, 2p) reactions.
The spectrum appears to be be densely populated with states, and the two transition
candidate peaks are particularly deformed for a spectrum with this level of statistics. Two
transitions are tentatively measured at around 550 keV and 840 keV. The γ-γ coincidences
in Figure 5.13 are inconclusive regarding any coincidences between the two transitions.
Therefore, the transitions are tentatively assigned as transitions from two low-lying states
to the ground state.
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Figure 5.12: Doppler-corrected γ-ray spectrum of 81Zn populated in the
86Ge(p, 3pn)83Zn reaction. All γ-ray multiplicities (blue) as well as Mγ ≤ 3 (red)
are shown.
Figure 5.13: γ-γ coincidence matrix of 83Zn populated in the 86Ge(p, 3pn)83Zn reac-
tion. γ-ray multiplicities, Mγ ≥ 2 are shown.
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5.6 84Zn Results
The first spectroscopy of 84Zn was performed in this work during the dedicated 85Ga setting
in the SEASTAR 2015 campaign. As seen in Section 5.2, 84Zn was produced in (p, 2p) and
(p, 3p) reactions with similar levels of statistics. The 85Ga(p, 2p)84Zn reaction channel was
measured by selecting 85Ga (Z = 31 and A/Q = 2.742) in the BigRIPS PID (Figure 4.1b)
and 84Zn (Z = 30 and A/Q = 2.800) in the ZeroDegree PID (Figure 4.2b). The 84Zn
γ-ray energy spectrum obtained in the (p, 2p) reaction is shown in Figure 5.14 for all γ-
ray multiplicities. Two new transitions are measured at 599(20) keV and 845(21) keV.
The half-lives of the γ-ray emitting state considered in the energy determination were:
50(50) ps for the 599(20) keV transition and 20(20) ps for the 845(21) keV transition. The
86Ge(p, 3p)84Zn reaction channel was also investigated, but proved to be unsuccessful. No
discernible transitions were visible in the spectrum, and combining this channel with the
(p, 2p) channel only added more background to the γ-ray spectrum.
γ-γ coincidences were investigated despite the very low level of statistics, with the γ-γ
matrix shown in Figure 5.15. Despite the low level of statistics the individual gates on the
two transitions in Figure 5.16 show that they are coincident with each other. Therefore,
the 599(20) keV transition is expected to be the (2+1 )→ 0+g.s. transition while 845(21) keV
is expected to be the (4+1 )→ (2+1 ) transition.
The transition assignments made were further tested by obtaining population ratios
of the associated states. Table 5.3 summarises the population ratios of 84Zn states that
were measured in the (p, 2p) reaction channel. The 599(20) keV (2+1 ) → 0+g.s. transition is
observed in 38(7)% of the (p, 2p) reactions. The strong population of the (2+1 ) state seen
here is similar to that observed in the (p, 2p) channel of 82Zn. The 845(21) keV (4+1 )→ (2+1 )
transition is seen in 11(3)% of the (p, 2p) reactions. These population ratios are further
evidence towards the transition assignments made from γ-γ coincidences.
Table 5.4: Summary of the population ratios of the 84Zn states seen in the
85Ga(p, 2p)84Zn reaction. The associated γ-ray transition depopulating the state is
indicated. The population ratios are a percentage of the total reactions in the (p, 2p)
reaction channel (see Appendix C).
Eγ (keV) Population (%)
599(20) 38(7)
845(21) 11(3)
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Figure 5.14: Doppler-corrected γ-ray spectrum of 84Zn populated in the
85Ga(p, 2p)84Zn reaction. The fit (black) is a combination of simulated response
functions for each transition (red) and two exponentials for low and high-energy back-
ground. All γ-ray multiplicities are shown.
Figure 5.15: γ-γ coincidence matrix of 84Zn populated in the 85Ga(p, 2p)84Zn reaction.
γ-ray multiplicities, Mγ ≥ 2 are shown.
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(a) Gated on 599 keV
(b) Gated on 845 keV
Figure 5.16: γ-γ coincidence spectra of 84Zn populated in the 85Ga(p, 2p)84Zn re-
action. Gates on the 599 keV (A) and 845 keV (B) transitions are shown. γ-ray
multiplicities, Mγ , are indicated.
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Chapter 6
Discussion
In this chapter the results presented in Chap. 5 will be discussed. Firstly, two differing
shell model calculations will be presented, specifically the Ni78-II and MCSM calculations.
Interpretations of the results will be made with comparisons to the performed shell model
calculations. Finally, the updated systematics will be presented for the zinc isotopes as
well as for the region of the nuclear chart north-east of 78Ni (Z = 28 and N = 50).
6.1 Shell-Model Calculations
6.1.1 Ni78-II
State-of-the-art shell-model calculations were performed by K. Sieja (IPHC Strasbourg)
using an effective interaction based on the Ni78-I interaction detailed in Ref. [77, 78].
Recently, the proton-proton part of the interaction was updated to reproduce N = 50
isotone experimental data. Specifically, recent studies of exotic Cu isotopes [79] have
facilitated new estimates for proton single-particle energies in the Ni core. The updated
calculation is referred to as Ni78-II. In this model an inert 78Ni core and a valence space
of pi(f5/2, p3/2, p1/2, g9/2) and ν(d5/2, s1/2, d3/2, g7/2, h11/2) were utilised. The model
space for the Ni78-II calculations are pictorially represented in Fig. 6.1. The shell-model
calculations employed the antoine [80] and nathan [81] codes. Ni78-II calculations have
recently been used in studies of nuclei north-east of 78Ni [82–84]. The nuclei in these studies
include the odd-odd 88Br (Z = 35, N = 53), and even-even 84,86Se (Z = 34, N = 50, 52)
nuclei. It should be highlighted that 86Se is an N = 52 isotone, as is the 82Zn nucleus of
interest in this work.
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Figure 6.1: Model space used in the Ni78-II calculation. An inert 78Ni core is assumed
with all proton orbitals up to Z = 50 and all neutron orbitals up to N = 82.
6.1.2 MCSM
Complementarily, Monte Carlo shell-model (MCSM) calculations [23, 85–87] were per-
formed by T. Otsuka and Y. Tsunoda (CNS, University of Tokyo) on the K supercom-
puter. The MCSM calculation model space utilised the full pf shell, g9/2, and d5/2 orbitals
for both protons and neutrons. Fig. 6.2 demonstrates the model space used in these
calculations. The model space of the MCSM calculations permits 78Ni core-breaking con-
figurations, in contrast to the Ni78-II calculations which use an inert 78Ni core. However,
the neutron model space of the MCSM calculation above N = 50 is limited to only the
d5/2 orbital. Whereas, the Ni78-II calculation utilises all neutron orbitals between N = 50
and N = 82. MCSM calculations were previously compared to a number of isotopes in the
regions around 56,68,78Ni [23]. The recent study of 82Zn in Ref. [13] (mentioned in Sec. 5.4)
made comparisons to MCSM calculations.
Figure 6.2: Model space used in the MCSM calculation. The full pf shell, g9/2, and
d5/2 orbitals for both protons and neutrons are utilised.
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Table 6.1: γ-ray transitions in 81,82,83,84Zn observed in this work and com-
parisons to the Ni78-II and MCSM calculations.
Isotope Eγ (keV) Jpii → Jpif Ni78-II (keV) MCSM (keV)
81Zn 938(13) (3/2+1 )→ (5/2+g.s.) 1160 1396
1235(17) (9/2+1 )→ (5/2+g.s.) 1546 1635
(7/2+1 )→ (5/2+g.s.) 1594 1693
– (5/2+2 )→ (5/2+g.s.) 1300 1806
82Zn 618(15) (2+1 )→ 0+g.s. 823 750
692(12) (4+1 )→ (2+1 ) 710 553
369(17) (0+2 )→ (2+1 ) 381 –
970(20) (6+1 )→ (4+1 ) 1351 –
– (2+2 )→ (2+1 ) 899 1286
83Zn 550 (5/2+2 )→ (5/2+g.s.) 605 1451
840 (7/2+1 )→ (5/2+g.s.) 840 1392
(9/2+1 )→ (5/2+g.s.) 985 857
84Zn 599(20) (2+1 )→ 0+g.s. 770 761
845(21) (4+1 )→ (2+1 ) 760 –
6.2 81Zn Discussion
Figure 6.3: 81Zn experimental level scheme (left) obtained in this work, compared
with the Ni78-II (middle) and MCSM (right) large-scale shell-model calculations.
Level energies are in units of keV.
81Zn states populated in (p, 2p) reactions are expected to have a configuration described
by 82Ga with a proton removed. Given a (pif5/2)3νd5/2 character ground state of 82Ga,
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removing a proton would yield 81Zn states of predominantly (pif5/2)2νd5/2 character. Thus,
populating the ground state, (pif5/2)20+νd5/2, and the lowest excited states, (pif5/2)
2
2+νd5/2.
This is in agreement with the Ni78-II calculations which show the pif5/2 contribution
dominating over the pip3/2 (see Appendix D). Two new transitions at 938(13) keV and
1235(17) keV have been populated in 81Zn via (p, 2p) reactions in this work. The proposed
81Zn level scheme obtained in this work is shown in Fig. 6.4.
Figure 6.4: Proposed 81Zn level scheme. The energies of γ-rays (red) and states
(black) are stated in keV. Assumed half-lives of states are indicated (green).
The results of the Ni78-II and MCSM calculations are shown in Fig. 6.3 beside the
experimentally observed levels. The transition energies in 81Zn obtained are listed in
Tab. 6.1. The Ni78-II calculation predicts a 5/2+ ground state, with 1/2+ and 3/2+
first excited states. The dominant configuration of the 1/2+ state is νs1/2, and for the
3/2+ state is (pif5/2)22+νd5/2. The MCSM calculation also predicts a 5/2
+ ground state for
81Zn. However, as the neutron valence orbitals above N = 50 in the MCSM calculation are
limited to only νd5/2, a low-lying 1/2+ state is not predicted. Instead, the low-lying excited
states predicted in the MCSM calculation are a 13/2+ and a 3/2+ state within 10 keV of
each other. Therefore tentatively we assign the 938(13) keV as the (3/2+1 ) → (5/2+g.s.)
transition in 81Zn. Both shell-model calculations predict the 3/2+ state is ∼300–500 keV
higher in energy than experiment (see Tab. 6.1). The differing 3/2+ state energy in the
two calculations is likely due to a significant νd3/2 contribution. The Ni78-II considers
this contribution, while the MCSM does not as it lacks the νd3/2 orbital in its model
space (cf. Figure 6.1 and 6.2). The tentative 1235(17) keV transition is assigned as the
(7/2+1 , 9/2
+
1 ) → (5/2+g.s.) transition. This assignment is based on the lack of evidence
for a coincidence with the 938(13) keV transition (shown in Sec. 5.3) and comparisons to
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calculated excitation energies in Tab. 6.1. Additionally, the (5/2+2 )t→ (5/2+g.s.) transition
is not considered for the 1235(17) keV γ ray as population of yrast states are preferred in
(p, 2p) reactions.
6.3 82Zn Discussion
Figure 6.5: 82Zn experimental level scheme (left) obtained in this work, compared
with the Ni78-II (middle) and MCSM (right) large-scale shell-model calculations.
Level energies are in units of keV.
According to the Ni78-II and MCSM shell model calculations the 82Zn states populated
in (p, 2p) reactions will have (pif5/2)2(νd5/2)20+ and (pip3/2)
2(νd5/2)
2
0+ configurations (see
Appendix D and E). From the calculated 83Ga ground state occupancies (Appendix E)
it is observed that occupancy of the pif5/2 orbital is greater than the pip3/2. Therefore,
a proton is more likely to be knocked out of the pif5/2 orbital in the (p, 2p) reaction.
The ground state of 82Zn is predicted to have (pif5/2)20+ character. Therefore we expect
strong population of the 2+1 and 4
+
1 (pif5/2)
2 states accompanied by 0+2 and 2
+
2 states with
(pip3/2)
2 character in the (p, 2p) reaction. Four transitions were populated in this work
at 369(17) keV, 618(15) keV, 692(12) keV, and a tentative 970(20) keV transition. Only
Chapter 6. Discussion 92
the 618(15) keV transition was observed previously at 621(11) keV and assigned to the
(2+1 )→ 0+g.s. transition in Ref. [13].
The Ni78-II and MCSM calculations for 82Zn are compared to the experimental level
scheme in Fig. 6.5. Based on the intensities and coincidences we assign the 618(15) keV
γ-ray to the (2+1 ) → 0+g.s. transition and the 692(12) keV line to the (4+1 ) → (2+1 ). The
369(17) keV is assigned to the (0+2 ) → (2+1 ) transition with excellent agreement to the
Ni78-II calculation. The 970(20) keV γ-ray observed in the (p, 2pn) reaction channel is
coincident with the 692(12) keV transition, thus is tentatively assigned as the (6+1 )→ (4+1 )
transition. The Ni78-II calculation predicts 2+1 , 4
+
1 , and 0
+
2 states at ∼200 keV higher
than the measured values. However, the relative spacing of the 2+1 , 4
+
1 , and 0
+
2 states
are in excellent agreement with experiment. MCSM calculations predict that the 2+1 state
is ∼100 keV higher than observed, while the 4+1 level energy is in agreement with the
experimental value. Fig. 6.6 shows the proposed 82Zn level scheme obtained in this work.
The Ni78-II calculation also provided an estimate of the (2+1 )→ 0+g.s. transition strength
of B(E2; (2+1 ) → 0+g.s.) = 179.68 e2fm4. The calculated B(E2) corresponds to a half-life
of t1/2 ∼ 35 ps for the 2+1 state, which is in good agreement to 40(40) ps obtained when
fitting the γ-ray transition.
Figure 6.6: Proposed 82Zn level scheme. The energies of γ-rays (red) and states
(black) are stated in keV. Assumed half-lives of states are indicated (green).
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6.4 83Zn Discussion
Based on the shell model calculations the low-lying 83Zn states are expected to have a
configuration characterised by (pif5/2)2(νd5/2)3. The pip3/2 configuration is not considered
as the occupancies in the MCSM calculations suggest pif5/2 configurations are stronger
(see Appendix E).A ground state with (pif5/2)20+(νd5/2)
3 character, and low-lying excited
states with (pif5/2)22+(νd5/2)
3 character are expected. Two tentative transitions have been
observed around 550 keV and 840 keV in 83Zn via (p, 3pn) reactions.
Figure 6.7: 83Zn experimental level scheme (left) obtained in this work, compared
with the Ni78-II (middle) and MCSM (right) large-scale shell-model calculations.
Level energies are in units of keV.
Ni78-II and MCSM calculated level schemes for 83Zn are compared to the experimental
level scheme in Fig. 6.7. Both shell-model calculations predict a 3/2+ state at very low
energies. However, due to the different model spaces of the two calculations the Ni78-II
predicts a 1/2+ level at low energy that the MCSM does not. Specifically, the MCSM
calculation lacks the νs1/2 orbital above N = 50 necessary for a low energy 1/2+ state.
The MCSM calculation for 83Zn differs from the Ni78-II in the ordering and energy of
a number of other states, such as the 5/2+2 which now sits above the 7/2
+
1 and 9/2
+
1
states. These differences are due to the truncated MCSM model space above N = 50,
which results in significant wavefunction contributions not being included. The 550 keV
transition is tentatively assigned as the (5/2+2 ) → (5/2+g.s.) transition, while the 840 keV
transition is tentatively assigned as the (7/2+1 , 9/2
+
1 )→ (5/2+g.s.) transition.
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Figure 6.8: Proposed tentative 83Zn level scheme. The energies of γ-rays (red) and
states (black) are stated in keV.
6.5 84Zn Discussion
From the shell model calculations (p, 2p) reactions will predominantly populate
(pif5/2)
2(νd5/2)
4
0+ states in
84Zn. As with 82Zn the ground state is predicted to be (pif5/2)20+
in character along with the 2+1 and 4
+
1 which should be strongly populated. Two new tran-
sitions were observed in this work at 599(20) keV and 845(21) keV.
Figure 6.9: 84Zn experimental level scheme (left) obtained in this work, compared
with the Ni78-II (middle) and MCSM (right) large-scale shell-model calculations.
Level energies are in units of keV.
The Ni78-II and MCSM calculations produced for 84Zn are shown in Fig. 6.9 beside
the experimental level scheme. The strong population of the 599(20) keV suggests it is
associated with the (2+1 ) → 0+g.s. transition. While, the weaker 845(21) keV transition is
attributed to the (4+1 )→ (2+1 ) transition. In both the Ni78-II and MCSM calculation the
2+1 state is predicted to be ∼170 keV higher than experiment. The 4+1 state in the Ni78-II
calculation is predicted to be within 100 keV agreement with experiment. The Ni78-II
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calculation is in good agreement with the experimental level scheme, while the MCSM
calculation provides more accurate 2+1 predicted energy.
Figure 6.10: Proposed 84Zn level scheme. The energies of γ-rays (red) and states
(black) are stated in keV. Assumed half-lives of states are indicated (green).
6.6 Shell Evolution Beyond N = 50 and Z = 28
In this work we discuss the shell evolution of the Zn isotopes in the region beyond N = 50
and Z = 28. These are of interest as Zn is the first even-Z chain above the Z = 28
magic number. 82Zn in particular is the first even-even nucleus beyond both the N = 50
and Z = 28 magic numbers. In the Ni chain, 78Ni was only recently measured within
the SEASTAR project and measurements of 80Ni will require higher radioactive beam
intensities. This makes 82,84Zn the first two exotic nuclei beyond the doubly-magic 78Ni
nucleus.
The evolution of E(2+1 ), E(4
+
1 ), and R4/2 = E(4
+
1 )/E(2
+
1 ) for the zinc chain around
N = 50 is presented in Fig. 6.11. The 82,84Zn results obtained in this work are included
in the systematics. The 2+1 and 4
+
1 energies following the N = 50 major-shell closure have
roughly returned to the values seen below 80Zn and the N = 50 closure. The MCSM
calculations produced in this work extend from 76Zn through to 84Zn. The 2+1 states pre-
dicted in this chain are in good agreement consistently ∼200 keV above the experimental
energy. The 4+1 states are also well reproduced in the MCSM calculation. Ni78-II cal-
culations in this work start from 80Zn through to 84Zn, providing a similar agreement to
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experiment. The additional 86Zn calculation predicts that the E(2+1 ) will begin increasing
towards 1 MeV.
Figure 6.11: Systematics of E(2+1 ), E(4
+
1 ) (top) and R4/2 = E(4
+
1 )/E(2
+
1 ) (bottom)
for the Zn isotopic chain. The filled symbols are new results obtained in this work,
the remaining data were taken from Ref. [16]. The Ni78-II and MCSM calculations
produced for this work are indicated. The dashed line at R4/2 = 2.0 indicates the
vibrational nuclei limit.
In Fig. 6.12 we compare the Ni78-II calculation with experimental values for the
N = 51, 52 and 54 isotones. In the N = 52 isotones there is a better agreement with
experiment as we approach Z = 40, while the discrepancy increases as we approach zinc
at Z = 30. In the case of the N = 54 isotones a similar picture emerges, with very good
agreement for Z = 34–40 and a much greater discrepancy for Z = 30 and 32. In almost
all cases the Ni78-II calculation is over estimating the 2+1 energy, the only exception being
88Se. A similar pattern is observed in the N = 51 isotones, with an increasing theory-to-
experiment discrepancy when approaching Z = 30 from above. The 938(13) keV transition
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Figure 6.12: Systematics Eexc in the N = 51 (top) isotones and E(2+1 ) in the N = 52
(middle) and N = 54 (bottom) isotones for Z = 30–40. The Ni78-II calculations for
these nuclei are indicated on the figure. The filled symbols are results obtained in
this work, the 88Se (N = 54 and Z = 34) experimental value is from Ref. [15]. The
remaining data were obtained from Ref. [16].
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in 81Zn is assigned to the (3/2+1 ) state, however a lower-lying 1/2
+
1 is also expected in the
nucleus but unobserved here. The consistent observations in the isotones suggest that the
low-lying states in nuclei close to 78Ni have a significant contribution from core-breaking
configurations. Including core-breaking configurations leads to more collective states with
a lower energy.
The MCSM calculation includes the breaking of the Z = 28 and N = 50 core within
its model space. Fig. 6.11 compares the Ni78-II and MCSM calculations for the zinc chain.
The inclusion of core-breaking in the MCSM calculation results in a better agreement of
the 2+1 in
82Zn. In 84Zn the agreement has worsened, with the calculation predicting a
larger energy for the 2+1 state. The MCSM calculation only considers the d5/2 orbital
above N = 50, therefore as we approach N = 56 the role of higher orbitals need to be
considered. The increasing discrepancy between theory and experiment as we go from
N = 52 to N = 54 clearly demonstrates this. Both calculations yield similar values
in 84Zn, in line with the argument that both valence orbitals and core-breaking states are
important. The comparison between Ni78-II and MCSM calculations for 81,83Zn in Fig. 6.7
further illustrates the need for more valence orbitals in the MCSM calculation. The MCSM
calculation is reaching a neutron-rich limit where the calculation suffers from the lack of
valence orbitals to complement its core-breaking. This adds to the increasing evidence that
core-breaking configurations play a large role in low-lying states in the vicinity of 78Ni.
Recently, below N = 50 low-energy core-excited states were observed in 79Zn [41] and
80Ge [88]. In Ref. [88] 80Ge was measured using β-delayed electron-conversion spectroscopy
at the ALTO facility, France. A low-lying 639(1) keV 0+2 state was measured in
80Ge below
the 2+1 state and was interpreted as a ν(2p − 2h) excitation across the N = 50 shell gap.
The finding indicates a reduction in the N = 50 shell gap when going from Z = 40 to
Z = 32, suggesting possible shape coexistence in 78Ni. Complementarily, in Ref. [41] 79Zn
was measured at ISOLDE-CERN, using collinear laser spectroscopy. The intruder nature
of the 1/2+ isomer was revealed in measurements of its g factor, with the wavefunction of
the state dominated by a ν(2p− 1h) excitation across N = 50.
The E(2+1 ) systematics of even-even nuclei beyond N = 50 and Z = 28 are shown
Fig. 6.13 up to 108Zr (Z = 40). The Zn chain has been extended in this work to N = 54
revealing that it closely follows the trend expected from its neighbouring chains. Inter-
estingly, the Zn chain has been revealed to cross its neigbouring Ge (Z = 32) and Se
Chapter 6. Discussion 99
(Z = 34) chains at N = 54. Fig. 6.14 displays the E(2+1 ), E(4
+
1 ) and R4/2 systematics for
the Zn, Ge, and Se chains. The E(2+1 ) of
84Zn is higher in energy than that of 86Ge and
88Se. However, the E(2+1 ) of
88Se is within the uncertainty of the 599(20) keV 2+1 energy
measured in 84Zn.
Figure 6.13: Systematics of E(2+1 ) for even-even nuclei from Zn to Zr (Z = 30–40 )
with N ≥ 50. The N = 52, 54 Zn points are values obtained in the present work, while
the N ≥ 54 Se points were obtained in the SEASTAR 2015 campaign in Ref. [15].
The remaining data were taken from Ref. [16].
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Figure 6.14: Systematics of E(2+1 ) (top), E(4
+
1 ) (middle), and R4/2 (bottom) for
even-even Zn, Ge, and Se nuclei with N = 50–58. The points are values obtained in
the present work, while the remaining data were taken from Ref. [16].
101
Chapter 7
Conclusions
In summary, low-lying states in the Zn isotopic chain have been measured for the first time
up to N = 54. 84Zn (N = 54), the most neutron-rich Zn isotope measured is 14 neutrons
away from the last stable Zn isotope. Currently, 84Zn is the last even-even neutron-rich
Zn isotope that can be investigated at radioactive ion beam facilities. Future upgrades at
the Radioactive Isotope Beam Factory (RIBF) at the RIKEN Nishina Center, Japan could
extend the neutron-rich production limit in this region. Within this work new transitions
have been observed and assigned in the 81,82,83,84Zn level schemes. Comparisons have been
made to two state-of-the-art shell-model calculations: Ni78-II and Monte Carlo Shell Model
(MCSM).
The measurements were performed within the first and second campaigns of the
SEASTAR project. The experimental campaigns were conducted at the RIBF, Japan.
In-flight fission of a 238U beam produced a cocktail secondary beam of neutron-rich nuclei,
which were selected and identified within the BigRIPS spectrometer. The secondary beam
nuclei were impinged on the MINOS thick LH2 target at the F8 area to induce nucleon
knockout reactions, primarily (p, 2p) reactions. Knockout residues were identified follow-
ing the target using the ZeroDegree spectrometer. The reaction channel of interest was
selected by gating on the relevant beams in BigRIPS and residues in ZeroDegree. In-beam
γ-ray spectroscopy of the nuclei of interest was conducted at the F8 area using the DALI2
γ detector array, surrounding MINOS. The MINOS TPC surrounding the LH2 target cell
tracked outgoing protons, providing vertex reconstruction for an improved Doppler correc-
tion of γ rays detected by DALI2.
81Zn was produced in (p, 2p) reactions in the 79Cu setting of the first SEASTAR cam-
paign in May 2014. Two new transitions were observed at 938(13) and 1235(17) keV and
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assigned to the (3/2+1 ) → (5/2+g.s.) and (7/2+1 , 9/2+1 ) → (5/2+g.s.) transitions respectively.
82,83,84Zn were measured in the 85Ga setting of the second SEASTAR campaign in May
2015. 82Zn was produced in (p, 2p) and (p, 2pn) reactions. Four transitions were mea-
sured at 369(17), 618(15), 692(12), and 970(20) keV and assigned as the (0+2 ) → (2+1 ),
(2+1 )→ 0+g.s., (4+1 )→ (2+1 ), and (6+1 )→ (4+1 ) transitions. The 970(20) keV was tentatively
assigned as it was only observed in γ-γ coincidences. All transitions are measured for the
first time in this work except the (2+1 )→ 0+g.s. transition which was previously observed at
621(11) keV in Ref. [13] in agreement with the 618(15) keV measured here. 83Zn was pro-
duced in (p, 3pn) reactions, where two tentative transitions were seen at 550 and 840 keV
and tentatively assigned at the (5/2+2 )→ (5/2+g.s.) and (7/2+1 , 9/2+1 )→ (5/2+g.s.) transitions
respectively. 84Zn was produced in (p, 2p) reactions in the dedicated 85Ga setting. Two
transitions were measured for the first time at 599(20) and 845(21) keV and assigned as
the (2+1 ) → 0+g.s. and (4+1 ) → (2+1 ) transitions respectively. Transition assignments were
made in this work from a combination of γ-γ coincidences, relative intensities, systematics
and shell-model calculations.
Two state-of-the-art shell-model calculations were performed to compare to the exper-
imental results. The Ni78-II calculation utilised all valence orbitals above an inert 78Ni
(Z = 28 and N = 50) core up to 132Sn (Z = 50 and N = 82). Whereas, the MCSM cal-
culation had a model space consisting of all orbitals between Z = N = 20 to Z = N = 50
as well as the d5/2 orbital above Z = N = 50. Therefore, the MCSM calculations consid-
ered the breaking of the 78Ni core, unlike the Ni78-II calculation. However, the MCSM
calculation has a significantly limited neutron valence space above N = 50, limiting the
calculation to 56 neutrons.
In the even Zn nuclei studied, the MCSM calculation provided lower 2+1 and 4
+
1 energies
for 82Zn, in better agreement with experiment than the Ni78-II calculation. The conclusion
that can be made from this comparison is that the low-lying states are more collective in
nature, possessing a significant contribution from core-breaking configurations. While, for
84Zn both calculations are within ∼10 keV of each other for the 2+1 energy. The smaller
discrepancy between the two calculations can be explained as a combination of two factors:
(i) 84Zn has 54 neutrons and therefore is almost at the limit of the MCSM neutron model
space, and (ii) having moved from 82Zn to 84Zn the role of 78Ni core-breaking configurations
are already decreasing. This finding is also seen in the N = 52 and 54 isotones; where the
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Ni78-II calculation yields excellent agreement at Z = 40 (Zr), which diverges gradually as
Z = 28 (Ni) is approached.
Moving to the odd Zn nuclei, similar conclusions can be made regarding core-breaking
contributions and the need for more neutron valence orbitals in the MCSM calculation.
In 81Zn the Ni78-II calculations are within ∼300 keV of experiment, while the MCSM
calculations give a poorer agreement of within 500–600 keV. In 83Zn the Ni78-II calculation
in better agreement with experiment than in the case of 81Zn. Again as with the even Zn
nuclei, the role of core-breaking configurations is not negligible close to 78Ni, but quickly
begins decreasing when moving more neutron-rich. Additionally, a low-lying 1/2+1 state is
predicted by the Ni78-II calculation in both 81,83Zn that is not seen at low energy in the
MCSM due to the lack of an s1/2 orbital.
In conclusion, the breaking of the 78Ni core in the region directly beyond N = 50 and
Z = 28 provides a significant contribution to low-lying states which needs to be considered.
To adapt the current state-of-the-art shell-model calculations to this region of the nuclear
chart, one needs to include sufficient valence orbitals above N = 50 while also allowing
the 78Ni core to be broken. However, the interactions necessary for these modifications
have not yet been developed. These improvements will be important to our understanding
of more neutron-rich nuclei in the region. Measurements of these more exotic nuclei will
be possible at the RIBF in the coming years, when the 238U primary beam intensity has
achieved a factor of ten upgrade. Near future measurements, such as 78Ni or 86Zn, will
further probe the robustness of the N = 50 conventional magic number and its role in the
r-process.
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Appendix A
Quantum Numbers
• n is the principal or total quantum number. Arising from the solution of the radial
part of the Schrödinger equation, it denotes the number of nodes of the radial wave
function (including one at the origin). Values of n = 1, 2, 3, . . ..
• ` is the orbital angular momentum. The orbital angular momentum giving the shells
their shapes. Values of ` = 0, 1, 2, 3, 4, . . . for the shells s, p, d, f, g, . . ..
• s is the intrinsic spin. Which takes values of s = ±12 for fermions such as protons
and neutrons.
• j is the total angular momentum. It is the combination of the orbital angular momen-
tum and the intrinsic spin, given by j = l+s. Where j takes values |l+s| ≤ j ≤ l+s.
• pi is the parity quantum number. It describes the symmetry of the wavefunction, and
is given by pi = (−1)`.
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Appendix B
DALI2 Electronics
Figure B.1: Schematic diagram of the standard electronics circuit for DALI2. Image
source: [30]
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Figure B.2: Schematic diagram of the electronics circuit for DALI2 in the 2015
SEASTAR campaign. Image source: [89]
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Appendix C
Reaction Statistics
Table C.1: Summary of the total number of reactions for the Zn nuclei of interest.
The setting in which the reactions were observed is indicated. Events were selected
using the trigger condition: {F7×F11×γ} OR {[F7×F11] AND [F7 DS]} (see Sec-
tion 3.3.3). The events were then multiplied by the F7 downscaling factor: DS = 50
in the SEASTAR 2015 85Ga setting and DS = 20 and 40 in the SEASTAR 2014 79Cu
setting.
ZeroDegree
Residue
BigRIPS Secondary Beam
86Ge † 85Ge † 85Ga † 84Ga † 83Ga † 82Ga ∗
84Zn 250 – 350 – – –
83Zn 1000 300 650 650 – –
82Zn 3850 3050 1300 4000 350 –
81Zn 6550 7300 – 4700 1500 6640
† 85Ga setting for 84Zn in SEASTAR 2015 campaign.
∗ 79Cu setting for 78Ni in SEASTAR 2014 campaign.
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Appendix D
Ni78-II Calculations
Table D.1: Ni78-II calculations of low-lying 81Zn states. The calculated
excitation energy, Eexc, proton-neutron couplings, and dominating configu-
rations are listed.
Jpi Eexc (keV) Wavefunction Configuration
5/2+1 0 83% pi(0
+)⊗ ν(5/2+) 81% (pif5/2)2νd5/2
1/2+1 594 91% pi(0
+)⊗ ν(1/2+) 53% (pif5/2)2νs1/2
3/2+1 1159 39% pi(2
+)⊗ ν(5/2+) + 43% pi(4+)⊗ ν(5/2+) 52% (pif5/2)2νd5/2
5/2+2 1300 63% pi(2
+)⊗ ν(5/2+) 81% (pif5/2)2νd5/2
9/2+1 1546 85% pi(2
+)⊗ ν(5/2+) 85% (pif5/2)2νd5/2
7/2+1 1594 83% pi(2
+)⊗ ν(5/2+) 64% (pif5/2)2νd5/2
Table D.2: Ni78-II calculations of low-lying 82Zn states. The calculated
excitation energy, Eexc, proton-neutron couplings, and dominating configu-
rations are listed.
Jpi Eexc (keV) Wavefunction Configuration
0+1 0 – 47% (pif5/2)
2(νd5/2)
2
2+1 822 61% pi(0
+)⊗ ν(2+) 31% (pif5/2)2(νd5/2)2
0+2 1204 – 43% (pip3/2)
2(νd5/2)
2
4+1 1532 54% pi(0
+)⊗ ν(4+) 54% (pif5/2)2(νd5/2)2
2+2 1721 61% pi(0
+)⊗ ν(2+) 49% (pif5/2)2(νd5/2)2
4+2 2184 37% pi(0
+)⊗ ν(4+) + 39% pi(4+)⊗ ν(0+) 44% (pif5/2)2(νd5/2)2
6+1 2883 63% pi(4
+)⊗ ν(2+) 24% (pif5/2)2(νd5/2)2
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Table D.3: Ni78-II calculations of low-lying 83Zn states. The calculated
excitation energy, Eexc, proton-neutron couplings, and dominating configu-
rations are listed.
Jpi Eexc (keV) Wavefunction Configuration
5/2+1 0 71% pi(0
+)⊗ ν(5/2+) –
3/2+1 36 65% pi(0
+)⊗ ν(3/2+) –
1/2+1 208 70% pi(0
+)⊗ ν(1/2+) –
5/2+2 605 69% pi(0
+)⊗ ν(5/2+) –
7/2+1 840 49% pi(0
+)⊗ ν(7/2+) –
9/2+1 985 55% pi(0
+)⊗ ν(9/2+) –
3/2+2 1100 66% pi(0
+)⊗ ν(3/2+) –
Table D.4: Ni78-II calculations of low-lying 84Zn states. The calculated
excitation energy, Eexc, proton-neutron couplings, and dominating configu-
rations are listed.
Jpi Eexc (keV) Wavefunction Configuration
0+1 0 – –
2+1 774 59% pi(0
+)⊗ ν(2+) –
0+2 1116 – –
2+2 1235 67% pi(0
+)⊗ ν(2+) –
4+1 1533 63% pi(0
+)⊗ ν(4+) –
110
Appendix E
MCSM Calculations
Appendix E. MCSM Calculations 111
T
ab
le
E
.1
:
M
C
SM
ca
lc
ul
at
io
ns
of
lo
w
-ly
in
g
8
1
Zn
st
at
es
.
T
he
ca
lc
ul
at
ed
ex
ci
ta
ti
on
en
er
gy
,E
e
x
c
an
d
or
bi
ta
l
oc
cu
pa
nc
ie
s
ar
e
lis
te
d.
J
pi
E
ex
c
(k
eV
)
O
cc
up
an
cy
pi
f 7
/
2
pi
p
3
/
2
pi
f 5
/
2
pi
p
1
/
2
pi
g 9
/
2
pi
d
5
/
2
ν
f 7
/
2
ν
p
3
/
2
ν
f 5
/
2
ν
p
1
/
2
ν
g 9
/
2
ν
d
5
/
2
5
/
2+ 1
0
7.
66
0.
73
1.
47
0.
06
0.
08
0.
01
8.
00
3.
99
6.
00
1.
99
9.
84
1.
18
13
/
2+ 1
13
87
7.
72
0.
85
1.
35
0.
03
0.
04
0.
01
8.
00
3.
99
5.
99
1.
99
9.
80
1.
23
3
/
2+ 1
13
96
7.
72
0.
75
1.
46
0.
03
0.
04
0.
01
8.
00
3.
99
5.
99
1.
99
9.
82
1.
21
9
/
2+ 1
16
35
7.
71
0.
66
1.
42
0.
16
0.
05
0.
01
8.
00
3.
99
6.
00
1.
99
9.
81
1.
22
7
/
2+ 1
16
93
7.
59
0.
58
1.
73
0.
05
0.
05
0.
01
8.
00
3.
99
6.
00
1.
99
9.
69
1.
33
3
/
2+ 2
17
44
7.
69
1.
06
1.
16
0.
03
0.
04
0.
01
8.
00
3.
99
5.
99
1.
99
9.
81
1.
21
5
/
2+ 2
18
06
7.
72
0.
89
1.
31
0.
04
0.
04
0.
01
8.
00
3.
99
6.
00
1.
99
9.
81
1.
21
5
/
2+ 3
18
58
7.
73
0.
75
1.
44
0.
03
0.
04
0.
01
8.
00
3.
99
6.
00
1.
99
9.
82
1.
20
7
/
2+ 2
19
11
7.
69
1.
00
1.
23
0.
03
0.
04
0.
01
8.
00
3.
99
6.
00
1.
99
9.
79
1.
23
1
/
2+ 1
19
45
7.
71
0.
48
1.
50
0.
26
0.
05
0.
01
8.
00
3.
99
6.
00
1.
99
9.
82
1.
20
Appendix E. MCSM Calculations 112
T
ab
le
E
.2
:
M
C
SM
ca
lc
ul
at
io
ns
of
lo
w
-ly
in
g
8
2
Zn
st
at
es
.
T
he
ca
lc
ul
at
ed
ex
ci
ta
ti
on
en
er
gy
,E
e
x
c
an
d
or
bi
ta
l
oc
cu
pa
nc
ie
s
ar
e
lis
te
d.
J
pi
E
ex
c
(k
eV
)
O
cc
up
an
cy
pi
f 7
/
2
pi
p
3
/
2
pi
f 5
/
2
pi
p
1
/
2
pi
g 9
/
2
pi
d
5
/
2
ν
f 7
/
2
ν
p
3
/
2
ν
f 5
/
2
ν
p
1
/
2
ν
g 9
/
2
ν
d
5
/
2
0
+ 1
0
7.
55
0.
75
1.
53
0.
06
0.
09
0.
01
8.
00
3.
99
5.
99
1.
99
9.
86
2.
17
2
+ 1
75
0
7.
57
0.
74
1.
54
0.
06
0.
08
0.
01
8.
00
4.
00
6.
00
1.
99
9.
84
2.
18
4
+ 2
13
03
–
–
–
–
–
–
–
–
–
–
–
–
2
+ 2
20
36
–
–
–
–
–
–
–
–
–
–
–
–
Appendix E. MCSM Calculations 113
T
ab
le
E
.3
:
M
C
SM
ca
lc
ul
at
io
ns
of
lo
w
-ly
in
g
8
3
Zn
st
at
es
.
T
he
ca
lc
ul
at
ed
ex
ci
ta
ti
on
en
er
gy
,E
e
x
c
an
d
or
bi
ta
l
oc
cu
pa
nc
ie
s
ar
e
lis
te
d.
J
pi
E
ex
c
(k
eV
)
O
cc
up
an
cy
pi
f 7
/
2
pi
p
3
/
2
pi
f 5
/
2
pi
p
1
/
2
pi
g 9
/
2
pi
d
5
/
2
ν
f 7
/
2
ν
p
3
/
2
ν
f 5
/
2
ν
p
1
/
2
ν
g 9
/
2
ν
d
5
/
2
5
/
2+ 1
0
–
–
–
–
–
–
–
–
–
–
–
–
3
/
2+ 1
15
1
7.
62
0.
72
1.
51
0.
06
0.
08
0.
01
8.
00
4.
00
6.
00
2.
00
9.
90
3.
10
9
/
2+ 1
85
7
–
–
–
–
–
–
–
–
–
–
–
–
1
1/
2+ 1
13
49
7.
71
0.
84
1.
38
0.
02
0.
03
0.
00
8.
00
4.
00
6.
00
2.
00
9.
89
3.
12
7
/
2+ 1
13
92
–
–
–
–
–
–
–
–
–
–
–
–
5
/
2+ 2
14
51
–
–
–
–
–
–
–
–
–
–
–
–
1
3/
2+ 1
16
90
7.
73
0.
81
1.
37
0.
05
0.
03
0.
00
8.
00
4.
00
6.
00
1.
99
9.
90
3.
11
1
/
2+ 1
17
20
7.
69
0.
82
1.
43
0.
02
0.
03
0.
00
8.
00
4.
00
6.
00
2.
00
9.
90
3.
11
9
/
2+ 2
17
55
–
–
–
–
–
–
–
–
–
–
–
–
3
/
2+ 2
17
61
7.
71
0.
73
1.
49
0.
03
0.
03
0.
00
8.
00
4.
00
6.
00
2.
00
9.
90
3.
10
Appendix E. MCSM Calculations 114
T
ab
le
E
.4
:
M
C
SM
ca
lc
ul
at
io
ns
of
lo
w
-ly
in
g
8
4
Zn
st
at
es
.
T
he
ca
lc
ul
at
ed
ex
ci
ta
ti
on
en
er
gy
,E
e
x
c
an
d
or
bi
ta
l
oc
cu
pa
nc
ie
s
ar
e
lis
te
d.
J
pi
E
ex
c
(k
eV
)
O
cc
up
an
cy
pi
f 7
/
2
pi
p
3
/
2
pi
f 5
/
2
pi
p
1
/
2
pi
g 9
/
2
pi
d
5
/
2
ν
f 7
/
2
ν
p
3
/
2
ν
f 5
/
2
ν
p
1
/
2
ν
g 9
/
2
ν
d
5
/
2
0
+ 1
0
7.
60
0.
76
1.
48
0.
07
0.
08
0.
01
8.
00
4.
00
6.
00
1.
99
9.
94
4.
07
2
+ 1
76
1
7.
65
0.
73
1.
48
0.
07
0.
08
0.
01
8.
00
4.
00
6.
00
2.
00
9.
95
4.
06
Appendix E. MCSM Calculations 115
T
ab
le
E
.5
:
M
C
SM
ca
lc
ul
at
io
ns
of
lo
w
-ly
in
g
st
at
es
in
G
a
is
ot
op
es
.
T
he
ca
lc
ul
at
ed
ex
ci
ta
ti
on
en
er
gy
,
E
e
x
c
an
d
or
bi
ta
lo
cc
up
an
ci
es
ar
e
lis
te
d.
Is
ot
op
e
J
pi
E
ex
c
(k
eV
)
O
cc
up
an
cy
pi
f 7
/
2
pi
p
3
/
2
pi
f 5
/
2
pi
p
1
/
2
pi
g 9
/
2
pi
d
5
/
2
ν
f 7
/
2
ν
p
3
/
2
ν
f 5
/
2
ν
p
1
/
2
ν
g 9
/
2
ν
d
5
/
2
8
2
G
a
1
− 1
0
7.
71
1.
17
1.
96
0.
07
0.
08
0.
01
8.
00
3.
99
5.
99
1.
99
9.
78
1.
25
8
2
G
a
0
− 1
9
7.
72
1.
37
1.
72
0.
09
0.
09
0.
01
8.
00
3.
99
5.
99
1.
99
9.
79
1.
24
8
3
G
a
3/
2− 1
0
7.
60
1.
08
2.
20
0.
05
0.
07
0.
01
8.
00
3.
99
5.
99
1.
99
9.
79
2.
24
8
3
G
a
5/
2− 1
1
7.
65
1.
23
1.
95
0.
07
0.
08
0.
01
8.
00
4.
00
5.
99
1.
99
9.
80
2.
23
8
5
G
a
5/
2− 1
0
7.
72
1.
13
1.
96
0.
10
0.
07
0.
01
8.
00
4.
00
6.
00
2.
00
9.
93
4.
08
8
5
G
a
3/
2− 1
11
3
7.
67
1.
12
2.
06
0.
07
0.
07
0.
01
8.
00
4.
00
6.
00
2.
00
9.
93
4.
09
116
Appendix F
List of Publications
F.1 First Author Publications
• C.M. Shand, Zs. Podolyák, M. Górska, P. Doornenbal, A. Obertelli, K. Sieja,
T. Otsuka, Y. Tsunoda, J.A. Tostevin, T. Ando, T. Arici, G. Authelet, H. Baba,
A. Blazhev, F. Browne, A. Bruce, D. Calvet, R. Carroll, F. Château, S. Chen,
L.X. Chung, A. Corsi, M.L. Cortés, A. Delbart, M. Dewald, B. Ding, Zs. Dom-
brádi, F. Flavigny, S. Franchoo, J.M. Gheller, F. Giacoppo, A. Giganon, A. Gillib-
ert, A. Gottardo, K. Hadyńska-Klęk, T. Isobe, A. Jungclaus, Z. Korkulu, S. Koyama,
Y. Kubota, V. Lapoux, J. Lee, M. Lettmann, B. Linh, J. Liu, Z. Liu, C. Lizarazo,
C. Louchart, K. Matsui, M. Matsushita, T. Miyazaki, S. Momiyama, K. Moschner,
T. Motobayashi, M. Nagamine, N. Nakatsuka, M. Niikura, S. Nishimura, C.R. Nita,
C.R. Nobs, L. Olivier, S. Ota, H. Otsu, Z. Patel, N. Paul, C. Péron, A. Peyaud,
E.C. Pollacco, J.-Y. Roussé, M. Rudigier, E. Şahin, T. Saito, H. Sakurai, C. San-
tamaria, M. Sasano, Y. Shiga, P.-A. Söderström, I. Stefan, D. Steppenbeck,
T. Sumikama, D. Suzuki, S. Takeuchi, R. Taniuchi, T. Uesaka, Zs. Vajta, V. Vaquero,
H. Wang, V. Werner, K. Wimmer, J. Wu, Z.Y. Xu, K. Yoneda, “Shell Evolution
Beyond N = 50 and Z = 28: Spectroscopy of 81,82,83,84Zn” , Physics Letters
B, to be submitted
• C.M. Shand, E. Wilson, Zs. Podolyák, H. Grawe, B.A. Brown, B. Fornal,
R.V.F. Janssens, M. Bowry, M. Bunce, M.P. Carpenter, R.J. Carroll, C.J. Chiara,
N. Cieplicka–Oryńczak, A.Y. Deo, G.D. Dracoulis, C.R. Hoffman, R.S. Kemp-
ley, F.G. Kondev, G.J. Lane, T. Lauritsen, G. Lotay, M.W. Reed, P.H. Regan,
Appendix F. List of Publications 117
C. Rodriguez-Triguero, D. Seweryniak, B. Szpak, P.M. Walker, S. Zhu, “Struc-
ture of 207Pb Populated in 208Pb + 208Pb Deep-Inelastic Collisions” , Acta
Physica Polonica B, 46, (2015), p. 619
F.2 Other Publications
• P.-A. Söderström, P.M. Walker, J. Wu, H.L. Liu, P.H. Regan, H. Watanabe, P. Door-
nenbal, Z. Korkulu, P. Lee, J.J. Liu, G. Lorusso, S. Nishimura, V.H. Phong,
T. Sumikama, F.R. Xu, A. Yagi, G.X. Zhang, D.S. Ahn, T. Alharbi, H. Baba,
F. Browne, A.M. Bruce, R.J. Carroll, K.Y. Chae, Zs. Dombrádi, A. Estrade,
N. Fukuda, C. Griffin, E. Ideguchi, N. Inabe, T. Isobe, H. Kanaoka, S. Kanaya,
I. Kojouharov, F.G. Kondev, T. Kubo, S. Kubono, N. Kurz, I. Kuti, S. Lalkovski,
G.J. Lane, E.J. Lee, C.S. Lee, G. Lotay, C.-B. Moon, I. Nishizuka, C.R. Nita, A. Oda-
hara, Z. Patel, Zs. Podolyák, O.J. Roberts, H. Sakurai, H. Schaffner, C.M. Shand,
H. Suzuki, H. Takeda, S. Terashima, Zs. Vajta, J.J. Valiente-Dòbon, Z.Y. Xu, “K-
mixing in the doubly mid-shell nuclide 170Dy and the role of vibrational
degeneracy” , Physics Letters B, (2016)
• H. Watanabe and G.X. Zhang and K. Yoshida and P.M. Walker and J.J. Liu and
J. Wu and P.H. Regan and P.-A. Söderström and H. Kanaoka and Z. Korkulu and
P.S. Lee and S. Nishimura and A. Yagi and D.S. Ahn and T. Alharbi and H. Baba
and F. Browne and A.M. Bruce and R.J. Carroll and K.Y. Chae and Zs. Dombrádi
and P. Doornenbal and A. Estrade and N. Fukuda and C. Griffin and E. Ideguchi
and N. Inabe and T. Isobe and S. Kanaya and I. Kojouharov and F.G. Kondev and
T. Kubo and S. Kubono and N. Kurz and I. Kuti and S. Lalkovski and G.J. Lane and
C.S. Lee and E.J. Lee and G. Lorusso and G. Lotay and C.-B. Moon and I. Nishizuka
and C.R. Nita and A. Odahara and Z. Patel and V.H. Phong and Zs. Podolyák and
O.J. Roberts and H. Sakurai and H. Schaffner and C.M. Shand and Y. Shimizu
and T. Sumikama and H. Suzuki and H. Takeda and S. Terashima and Zs. Vajta
and J.J. Valiente-Dòbon and Z.Y. Xu, “Long-lived K isomer and enhanced γ
vibration in the neutron-rich nucleus 172Dy: Collectivity beyond double
midshell” , Physics Letters B, 760, (2016), p. 641
Appendix F. List of Publications 118
• M.L. Cortés, P. Doornenbal, A. Obertelli, N. Pietralla, V. Werner, G. Authelet,
H. Baba, D. Calvet, F. Château, A. Corsi, A. Delbart, JM. Gheller, A. Gillibert,
T. Isobe, V. Lapoux, C. Louchart, M. Matsushita, S. Momiyama, T. Motobayashi,
M. Niikura, H. Otsu, C. Péron, A. Peyaud, E.C. Pollacco, JY. Roussé, H. Sakurai,
C. Santamaria, M. Sasano, Y. Shiga, S. Takeuchi, R. Taniuchi, T. Uesaka, H. Wang,
K. Yoneda, F. Browne, LX. Chung, Zs. Dombrádi, S. Franchoo, F. Giacoppo, A. Got-
tardo, K. Hadyńska-Klęk, Z. Korkulu, S. Koyama, Y. Kubota, J. Lee, M. Lettmann,
R. Lozeva, K. Matsui, T. Miyazaki, S. Nishimura, L. Olivier, S. Ota, Z. Patel,
E. Şahin, C.M. Shand, P-A. Söderström, I. Stefan, D. Steppenbeck, T. Sumikama,
D. Suzuki, Zs. Vajta, J. Wu, Z. Xu, “Inelastic scattering of 72,74Ni off a proton
target”, Journal of Physics: Conference Series, 724 (1 2016), p. 012008
• V. Werner, C. Santamaria, C. Louchart, A. Obertelli, P. Doornenbal, F. Nowacki,
G. Authelet, H. Baba, D. Calvet, F. Château, A. Corsi, A. Delbart, J.-M. Gheller,
A. Gillibert, T. Isobe, V. Lapoux, M. Matsushita, S. Momiyama, T. Motobayashi,
M. Niikura, H. Otsu, C. Péron, A. Peyaud, E.C. Pollacco, J.-Y. Roussé, H. Sakurai,
M. Sasano, Y. Shiga, S. Takeuchi, R. Taniuchi, T. Uesaka, H. Wang, K. Yoneda,
F. Browne, L.X. Chung, Zs. Dombrádi, S. Franchoo, F. Giacoppo, A. Gottardo,
K. Hadyńska-Klęk, Z. Korkulu, S. Koyama, Y. Kubota, J. Lee, M. Lettmann,
R. Lozeva, K. Matsui, T. Miyazaki, S. Nishimura, L. Olivier, S. Ota, Z. Patel,
N. Pietralla, E. Sahin, C. Shand, P.-A. Söderström, I. Stefan, D. Steppenbeck,
T. Sumikama, D. Suzuki, Zs. Vajta, J. Wu and Z. Xu, “Collectivity of neutron-
rich Cr and Fe toward N = 50” , EPJ Web of Conferences, 107, (2016), p.
03007
• C. Santamaria, C. Louchart, A. Obertelli, V. Werner, P. Doornenbal, F. Nowacki,
G. Authelet, H. Baba, D. Calvet, F. Château, A. Corsi, A. Delbart, J-M. Gheller,
A. Gillibert, T. Isobe, V. Lapoux, M. Matsushita, S. Momiyama, T. Motobayashi,
M. Niikura, H. Otsu, C. Péron, A. Peyaud, EC. Pollacco, J-Y. Roussé, H. Sakurai,
M. Sasano, Y. Shiga, S. Takeuchi, R. Taniuchi, T. Uesaka, H. Wang, K. Yoneda,
F. Browne, LX. Chung, Zs. Dombrádi, S. Franchoo, F. Giacoppo, A. Gottardo,
K. Hadyńska-Klęk, Z. Korkulu, S. Koyama, Y. Kubota, J. Lee, M. Lettmann,
R. Lozeva, K. Matsui, T. Miyazaki, S. Nishimura, L. Olivier, S. Ota, Z. Patel,
Appendix F. List of Publications 119
N. Pietralla, E. Şahin, C. Shand, P-A. Söderström, I. Stefan, D. Steppenbeck,
T. Sumikama, D. Suzuki, Zs. Vajta, J. Wu, Z. Xu, “Extension of the N = 40 Is-
land of Inversion towards N = 50: Spectroscopy of 66Cr, 70,72Fe” , Physical
Review Letters, 115, (19 2015), p. 192501
• P-A. Söderström, P.H. Regan, P.M. Walker, H. Watanabe, P. Doornenbal, Z. Ko-
rkulu, P. Lee, H.L. Liu, J.J. Liu, G. Lorusso, S. Nishimura, T. Sumikama,
V.H. Phong, J. Wu, F.R. Xu, A. Yagi, G.X. Zhang, T. Alharbi, H. Baba, F. Browne,
A.M. Bruce, R. Carroll, K.Y. Chae, Zs. Dombrádi, A. Estrade, N. Fukuda, C. Griffin,
E. Ideguchi, N. Inabe, T. Isobe, H. Kanaoka, I. Kojouharov, F.G. Kondev, T. Kubo,
S. Kubono, N. Kurz, I. Kuti, S. Lalkovski, G.J. Lane, C.S. Lee, E.J. Lee, G. Lotay, C-
B. Moon, I. Nishizuka, C.R. Nita, A. Odahara, Z. Patel, Zs. Podolyák, O.J. Roberts,
H. Sakurai, H. Schaffner, C.M. Shand, H. Suzuki, H. Takeda, S. Terashima, Zs. Va-
jta, J.J. Valiente-Dòbon, Z.Y. Xu, S. Yoshida, “Heavy rotation – evolution of
quadrupole collectivity centred at the neutron-rich doubly mid-shell nu-
cleus 170Dy” , AIP Conference Proceedings, 1681, (2015)
• E. Wilson, Zs. Podolyák, H. Grawe, B.A. Brown, C.J. Chiara, S. Zhu, B. Fornal,
R.V.F. Janssens, C.M. Shand, M. Bowry, M. Bunce, M.P. Carpenter, N. Cieplicka-
Oryńczak, A.Y. Deo, G.D. Dracoulis, C.R. Hoffman, R.S. Kempley, F.G. Kondev,
G.J. Lane, T. Lauritsen, G. Lotay, M.W. Reed, P.H. Regan, C. Rodríguez Triguero,
D. Seweryniak, B. Szpak, P.M. Walker, “Core excitations across the neutron
shell gap in 207Tl” , Physics Letters B, 747, (2015), p. 88
• Zs. Podolyák, C.M. Shand, E. Wilson, B.A. Brown, H. Grawe, C.J. Chiara, S. Zhu,
B. Fornal, R.V.F. Janssens, M. Bowry, M. Bunce, M.P. Carpenter, N. Cieplicka,
A.Y. Deo, G.D. Dracoulis, C.R. Hoffman, R.S. Kempley, F.G. Kondev, G.J. Lane,
T. Lauritsen, G. Lotay, M.W. Reed, P.H. Regan, C. Rodríguez Triguero, D. Sew-
eryniak, B. Szpak, P. M Walker, “Octupole transitions in the 208Pb region” ,
Journal of Physics: Conference Series, 580, (1 2015), p. 012010
120
Appendix G
List of Oral Presentations
• Structure of Zn Isotopes Beyond N = 50, IOP Nuclear Physics Group Conference,
University of Liverpool, United Kingdom, 30th March – 1st April 2016
• Shell Evolution Beyond Z = 28, N = 50: Spectroscopy of 81,82,84Zn, IIIrd Topi-
cal Workshop on Modern Aspects in Nuclear Structure, Bormio, Italy, 22nd – 28th
February 2016
• Spectroscopy of 81,82,84Zn from the SEASTAR Campaigns at RIKEN, 18th STFC
UK Postgraduate Nuclear Physics Summer School, University of Lancaster, United
Kingdom, 29th August 2015
• Spectroscopy of 81,82Zn from the First SEASTAR Campaign at RIKEN, IOP Nuclear
Physics Group Conference, University of Manchester, United Kingdom, 29th March
– 2nd April 2015
• Structure of 207Pb Populated in Deep-Inelastic Collisions, Zakopane Conference on
Nuclear Physics, Zakopane, Poland, 31st August – 7th September 2014
• Yrast Structure of 207Pb Above the 13/2+ Isomer, IOP Nuclear Physics Group Con-
ference, University of Surrey, United Kingdom, 7th – 9th April 2014
121
Bibliography
[1] Maria G. Mayer. “On Closed Shells in Nuclei”. In: Physical Review 74 (3 1948),
pp. 235–239.
[2] Maria Goeppert Mayer. “On Closed Shells in Nuclei. II”. In: Phys. Rev. 75 (12 1949),
pp. 1969–1970.
[3] Otto Haxel, J. Hans D. Jensen, and Hans E. Suess. “On the "Magic Numbers" in
Nuclear Structure”. In: Physical Review 75 (11 1949), pp. 1766–1766.
[4] Takaharu Otsuka et al. “Evolution of Nuclear Shells due to the Tensor Force”. In:
Phys. Rev. Lett. 95 (23 2005), p. 232502.
[5] T. Motobayashi et al. “Large deformation of the very neutron-rich nucleus 32Mg
from intermediate-energy Coulomb excitation”. In: Physics Letters B 346.1 (1995),
pp. 9 –14.
[6] C. M. Campbell et al. “Measurement of Excited States in 40Si and Evidence for
Weakening of the N = 28 Shell Gap”. In: Phys. Rev. Lett. 97 (11 2006), p. 112501.
[7] B. Bastin et al. “Collapse of the N = 28 Shell Closure in 42Si”. In: Phys. Rev. Lett.
99 (2 2007), p. 022503.
[8] S. Takeuchi et al. “Well Developed Deformation in 42Si”. In: Phys. Rev. Lett. 109 (18
2012), p. 182501.
[9] D. Steppenbeck et al. “Low-Lying Structure of 50Ar and the N = 32 Subshell Clo-
sure”. In: Phys. Rev. Lett. 114 (25 2015), p. 252501.
[10] M. Rosenbusch et al. “Probing the N = 32 Shell Closure below the Magic Proton
Number Z = 20: Mass Measurements of the Exotic Isotopes 52,53K”. In: Phys. Rev.
Lett. 114 (20 2015), p. 202501.
[11] D. Steppenbeck et al. “Evidence for a new nuclear ‘magic number’ from the level
structure of 54Ca”. In: Nature 502.7470 (2013), pp. 207–210.
BIBLIOGRAPHY 122
[12] Z.M. Niu et al. “β-decay half-lives of neutron-rich nuclei and matter flow in the
r-process”. In: Physics Letters B 723.1–3 (2013), pp. 172 –176.
[13] Y. Shiga et al. “Investigating nuclear shell structure in the vicinity of 78Ni: Low-
lying excited states in the neutron-rich isotopes 80,82Zn”. In: Phys. Rev. C 93 (2
2016), p. 024320.
[14] NuDat 2 Database. www.nndc.bnl.gov/nudat2/.
[15] S. Chen et al. “Shape Phase Tranistion and Shape Coexistence in Neutron-rich Se-
lenium Isotopes at N = 54–60”. In: Phys. Rev. Lett. (submitted 2016).
[16] ENSDF Database. www.nndc.bnl.gov/ensdf/.
[17] J.M. Daugas et al. “The 8+ isomer in 78Zn and the doubly magic character of 78Ni”.
In: Physics Letters B 476.3–4 (2000), pp. 213 –218.
[18] P. T. Hosmer et al. “Half-Life of the Doubly Magic r-Process Nucleus 78Ni”. In: Phys.
Rev. Lett. 94 (11 2005), p. 112501.
[19] C. Mazzocchi et al. “Low energy structure of even–even Ni isotopes close to 78Ni”.
In: Physics Letters B 622.1–2 (2005), pp. 45 –54.
[20] J. Hakala et al. “Evolution of the N = 50 Shell Gap Energy towards 78Ni”. In: Phys.
Rev. Lett. 101 (5 2008), p. 052502.
[21] M. M. Rajabali et al. “β decay of 71,73Co: Probing single-particle states approaching
doubly magic 78Ni”. In: Phys. Rev. C 85 (3 2012), p. 034326.
[22] K. Sieja and F. Nowacki. “Three-body forces and persistence of spin-orbit shell gaps
in medium-mass nuclei: Toward the doubly magic 78Ni”. In: Phys. Rev. C 85 (5
2012), p. 051301.
[23] Yusuke Tsunoda et al. “Novel shape evolution in exotic Ni isotopes and configuration-
dependent shell structure”. In: Phys. Rev. C 89 (3 2014), p. 031301.
[24] K. T. Flanagan et al. “Nuclear Spins and Magnetic Moments of 71,73,75Cu: Inversion
of pi2p3/2 and pi1f5/2 Levels in 75Cu”. In: Phys. Rev. Lett. 103 (14 2009), p. 142501.
[25] Takaharu Otsuka, Michio Honma, and Takahiro Mizusaki. “Structure of the N =
Z = 28 Closed Shell Studied by Monte Carlo Shell Model Calculation”. In: Phys.
Rev. Lett. 81 (8 1998), pp. 1588–1591.
BIBLIOGRAPHY 123
[26] P. Doornenbal and A. Obertelli. RIKEN proposal for scientific program: Shell evolu-
tion and search for two-plus stats at the RIBF (SEASTAR). (unpublished). 2013.
[27] SEASTAR Project. http://www.nishina.riken.jp/collaboration/SUNFLOWER/
experiment/seastar/index.html.
[28] Yasushige Yano. “The {RIKEN} {RI} Beam Factory Project: A status report”. In:
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 261.1–2 (2007). The Application of Accelerators in Re-
search and IndustryProceedings of the Nineteenth International Conference on The
Application of Accelerators in Research and IndustryNineteenth International Con-
ference on The Application of Accelerators in Research and Industry, pp. 1009 –
1013.
[29] A. Obertelli et al. “MINOS: A vertex tracker coupled to a thick liquid-hydrogen
target for in-beam spectroscopy of exotic nuclei”. In: The European Physical Journal
A 50.1 (2014), pp. 1–20.
[30] S. Takeuchi et al. “DALI2: A NaI(Tl) detector array for measurements of γ rays from
fast nuclei”. In: Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment 763 (2014), pp. 596
–603.
[31] Toshiyuki Kubo. “In-flight RI beam separator BigRIPS at RIKEN and elsewhere in
Japan”. In: Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms 204 (2003). 14th International Conference on
Electromagnetic Isotope Separators and Techniques Related to their Applications,
pp. 97 –113.
[32] Toshiyuki Kubo et al. “BigRIPS separator and ZeroDegree spectrometer at RIKEN
RI Beam Factory”. In: Progress of Theoretical and Experimental Physics 2012.1
(2012).
[33] B. A. Brown. Lecture Notes in Nuclear Structure Physics. National Superconducting
Cyclotron Laboratory and Michigan State University. 2009.
[34] C. F. v. Weizsäcker. “Zur Theorie der Kernmassen”. In: Zeitschrift für Physik 96.7
(1935), pp. 431–458.
BIBLIOGRAPHY 124
[35] K. S. Krane and D. Halliday. Introductory Nuclear Physics. Second Edition. John
Wiley & Sons, 1987.
[36] R. F. Casten. Nuclear Structure from a Simple Perspective. Oxford Studies in Nuclear
Physics Series. Oxford University Press, 2000.
[37] J.S. Lilley. Nuclear Physics: Principles and Applications. Manchester Physics Series.
Wiley, 2001.
[38] G.R. Satchler. Direct Nuclear Reactions. International series of monographs on
physics. Clarendon Press, 1983.
[39] G. R. Satchler. Introduction to Nuclear Reactions. Second Edition. Macmillan Edu-
cation Ltd., 1990.
[40] RIBF Accelerators. http://www.nishina.riken.jp/RIBF/accelerator/concept.
html [Accessed 28 May 2016].
[41] X. F. Yang et al. “Isomer Shift and Magnetic Moment of the Long-Lived 1/2+ Isomer
in 7930Zn49: Signature of Shape Coexistence near 78Ni”. In: Phys. Rev. Lett. 116 (18
2016), p. 182502.
[42] N. Inabe et al. “Fixed-Frequency Ring Cyclotron (fRC) in RIBF”. In: 17th Int. Conf.
on Cyclotrons and Their Applications, Tokyo, Japan. 2004, pp. 200–202.
[43] H. Imao et al. “Charge stripping of 238U ion beam by helium gas stripper”. In: Phys.
Rev. ST Accel. Beams 15 (12 2012), p. 123501.
[44] Hiroo Hasebe et al. “Development of rotating beryllium disk stripper”. In: Journal
of Radioanalytical and Nuclear Chemistry 305.3 (2015), pp. 825–829.
[45] A.S. Nettleton. “A study of the fragmentation-fission of 238U on a 9Be target at
81 MeV/u”. PhD thesis. Michigan State University, 2011.
[46] M. Bernas et al. “Discovery and cross-section measurement of 58 new fission products
in projectile-fission of 750 · A MeV 238U”. In: Physics Letters B 415.2 (1997), pp. 111
–116.
[47] Tetsuya Ohnishi et al. “Identification of New Isotopes 125Pd and 126Pd Produced
by In-Flight Fission of 345 MeV/nucleon 238U: First Results from the RIKEN RI
Beam Factory”. In: Journal of the Physical Society of Japan 77.8 (2008), p. 083201.
eprint: http://dx.doi.org/10.1143/JPSJ.77.083201.
BIBLIOGRAPHY 125
[48] Tetsuya Ohnishi et al. “Identification of 45 New Neutron-Rich Isotopes Produced by
In-Flight Fission of a 238U Beam at 345 MeV/nucleon”. In: Journal of the Physical
Society of Japan 79.7 (2010), p. 073201. eprint: http://dx.doi.org/10.1143/JPSJ.
79.073201.
[49] D.J. Morrissey and B.M. Sherill. “In-flight Separation of Projectile Fragments”. In:
The Euroschool Lectures on Physics with Exotic Beams. Vol. I. Lecture Notes in
Physics 651. Springer Berlin Heidelberg, 2004, pp. 113–135.
[50] N. Kobayashi et al. “One- and two-neutron removal reactions from the most neutron-
rich carbon isotopes”. In: Phys. Rev. C 86 (5 2012), p. 054604.
[51] K.-H. Schmidt et al. “The momentum-loss achromat — A new method for the iso-
topical separation of relativistic heavy ions”. In: Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment 260.2 (1987), pp. 287 –303.
[52] G. F. Knoll. Radiation Detection and Measurement. Third Edition. John Wiley &
Sons, 2010.
[53] H. Kumagai et al. “Development of Parallel Plate Avalanche Counter (PPAC) for
BigRIPS fragment separator”. In: Nuclear Instruments and Methods in Physics Re-
search Section B: Beam Interactions with Materials and Atoms 317, Part B (2013).
{XVIth} International Conference on ElectroMagnetic Isotope Separators and Tech-
niques Related to their Applications, December 2–7, 2012 at Matsue, Japan, pp. 717
–727.
[54] H. Kumagai et al. “Delay-line {PPAC} for high-energy light ions”. In: Nuclear In-
struments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 470.3 (2001), pp. 562 –570.
[55] K. Kimura et al. “High-rate particle identification of high-energy heavy ions using
a tilted electrode gas ionization chamber”. In: Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment 538.1–3 (2005), pp. 608 –614.
[56] C. Santamaria. “Quest for new nuclear magic numbers with MINOS”. PhD thesis.
Université Paris Sud - Paris XI, 2015.
BIBLIOGRAPHY 126
[57] S. Agostinelli et al. “Geant4—a simulation toolkit”. In: Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 506.3 (2003), pp. 250 –303.
[58] Wikimedia Commons. Principle of the Micromegas detector. https://commons.
wikimedia.org/wiki/File:MMPrincipe.png [Accessed 16 August 2016].
[59] Y. Giomataris et al. “MICROMEGAS: a high-granularity position-sensitive gaseous
detector for high particle-flux environments”. In: Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment 376.1 (1996), pp. 29 –35.
[60] I. Giomataris et al. “Micromegas in a bulk”. In: Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment 560.2 (2006), pp. 405 –408.
[61] Micron Semiconductor Ltd. Specialist Detectors for Nuclear Physics. http://www.
micronsemiconductor.co.uk [Accessed 17 August 2016].
[62] H. Baba et al. “New data acquisition system for the {RIKEN} Radioactive Isotope
Beam Factory”. In: Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment 616.1 (2010),
pp. 65 –68.
[63] N. Fukuda et al. “Identification and separation of radioactive isotope beams by the
BigRIPS separator at the {RIKEN} {RI} Beam Factory”. In: Nuclear Instruments
and Methods in Physics Research Section B: Beam Interactions with Materials and
Atoms 317, Part B (2013). {XVIth} International Conference on ElectroMagnetic
Isotope Separators and Techniques Related to their Applications, December 2–7,
2012 at Matsue, Japan, pp. 323 –332.
[64] R. Grzywacz et al. “Identification of µs-isomers produced in the fragmentation of a
112Sn beam”. In: Physics Letters B 355.3 (1995), pp. 439 –446.
[65] H. Blok et al. “Path reconstruction and resolution improvement in magnetic spec-
trometers”. In: Nuclear Instruments and Methods in Physics Research Section A: Ac-
celerators, Spectrometers, Detectors and Associated Equipment 262.2 (1987), pp. 291
–297.
BIBLIOGRAPHY 127
[66] M. Berz et al. “Reconstructive correction of aberrations in nuclear particle spectro-
graphs”. In: Phys. Rev. C 47 (2 1993), pp. 537–544.
[67] D. Bazin et al. “The {S800} spectrograph”. In: Nuclear Instruments and Methods
in Physics Research Section B: Beam Interactions with Materials and Atoms 204
(2003). 14th International Conference on Electromagnetic Isotope Separators and
Techniques Related to their Applications, pp. 629 –633.
[68] P.V.C. Hough. Method and means for recognizing complex patterns. US Patent
3,069,654. 1962.
[69] D.H. Ballard. “Generalizing the Hough transform to detect arbitrary shapes”. In:
Pattern Recognition 13.2 (1981), pp. 111 –122.
[70] S. Chen. private communication. 2016.
[71] K. Miernik et al. “Large β-Delayed One and Two Neutron Emission Rates in the
Decay of 86Ga”. In: Phys. Rev. Lett. 111 (13 2013), p. 132502.
[72] Z. Y. Xu et al. “β-Decay Half-Lives of 76,77Co, 79,80Ni, and 81Cu: Experimental
Indication of a Doubly Magic 78Ni”. In: Phys. Rev. Lett. 113 (3 2014), p. 032505.
[73] S. Padgett et al. “β decay of 81Zn and migrations of states observed near the N = 50
closed shell”. In: Phys. Rev. C 82 (6 2010), p. 064314.
[74] M. F. Alshudifat et al. “Reexamining Gamow-Teller decays near 78Ni”. In: Phys. Rev.
C 93 (4 2016), p. 044325.
[75] A. Korgul et al. “Experimental study of β and β-n decay of the neutron-rich N = 54
isotone 87As”. In: Phys. Rev. C 92 (5 2015), p. 054318.
[76] M. Madurga et al. “New Half-lives of r-process Zn and Ga Isotopes Measured with
Electromagnetic Separation”. In: Phys. Rev. Lett. 109 (11 2012), p. 112501.
[77] K. Sieja et al. “Shell model description of zirconium isotopes”. In: Phys. Rev. C 79
(6 2009), p. 064310.
[78] K. Sieja et al. “Laboratory versus intrinsic description of nonaxial nuclei above doubly
magic 78Ni”. In: Phys. Rev. C 88 (3 2013), p. 034327.
[79] Zs. Vajta et al. (unpublished).
BIBLIOGRAPHY 128
[80] E. Caurier and F. Nowacki. “Present status of shell model techniques”. In: vol. 30. 3.
cited By 284. 1999, pp. 705–714.
[81] E. Caurier et al. “The shell model as a unified view of nuclear structure”. In: Rev.
Mod. Phys. 77 (2 2005), pp. 427–488.
[82] T. Materna et al. “Low spin structure of 86Se: Confirmation of γ collectivity at
N = 52”. In: Phys. Rev. C 92 (3 2015), p. 034305.
[83] M. Czerwiński et al. “Neutron-proton multiplets in the nucleus 88Br”. In: Phys. Rev.
C 92 (1 2015), p. 014328.
[84] J. Litzinger et al. “Transition probabilities in neutron-rich 84,86Se”. In: Phys. Rev. C
92 (6 2015), p. 064322.
[85] Noritaka Shimizu et al. “New-generation Monte Carlo shell model for the K computer
era”. In: Progress of Theoretical and Experimental Physics 2012.1 (2012).
[86] Noritaka Shimizu et al. “Novel extrapolation method in the Monte Carlo shell model”.
In: Phys. Rev. C 82 (6 2010), p. 061305.
[87] T. Otsuka et al. “Monte Carlo shell model for atomic nuclei”. In: Progress in Particle
and Nuclear Physics 47.1 (2001), pp. 319 –400.
[88] A. Gottardo et al. “First Evidence of Shape Coexistence in the 78Ni Region: Intruder
0+2 State in
80Ge”. In: Phys. Rev. Lett. 116 (18 2016), p. 182501.
[89] N. Paul. private communication. 2015.
